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EVALUATION OF PERMANENT CONCRETE BARRIERS TO MASH 2016 
Samuel E. Hovde, M.S. 
University of Nebraska, 2021 
Advisor: Joshua S. Steelman 
The objective of this research project was to develop evaluation criteria for 
permanent concrete barriers to MASH 2016 TL-3 and TL-4 without crash testing and then 
to evaluate permanent concrete barrier standards provided by the sponsoring agencies of 
the Midwest Pooled Fund Program. A literature review was conducted to 
determine evaluation criteria for stability, shape, strength, and anchorage, and a database 
of permanent concrete barrier crash tests was compiled. A survey was conducted to 
collect barrier standards from the members of the Midwest Pooled Fund Program, 
and barriers were selected and evaluated according to the determined methodology. A 
total of 85 permanent concrete barrier detail variations were evaluated. 39 of the 
variations were deemed crashworthy to MASH TL-3, and an additional 27 barriers 
were deemed crashworthy to MASH TL-4. Computed strengths were calculated for each 
of the evaluated barriers and compared to the boundary of optimal strengths as 
determined from the AASHTO LRFD Bridge Design Specifications. The comparison 
was performed parametrically from a range of vertical and horizontal barrier flexural 
strength combinations. Significant strength overdesign was commonly observed 
throughout the details provided by the sponsoring agencies, suggesting that agencies 
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Since its publication in 1993 the National Cooperative Highway Research Program 
(NCHRP) Report No. 350, “Recommend Procedures for the Safety Performance 
Evaluation of Highway Features”, has governed the testing and evaluation of roadside 
safety features [1]. However, due to continuously changing traffic conditions, evolving 
vehicle fleet, and extensive research, sections of NCHRP Report No. 350 have been found 
to be obsolete. Under NCHRP Project 22-14(2), “Improvement of Procedures for the 
Safety-Performance Evaluation of Roadside Features” and NCHRP 665, “Identification of 
Vehicular Impact Conditions Associated with Serious Ran-off Road Crashes”, updated 
impact conditions, test vehicle specifications, and evaluation criteria were determined to 
represent the current transportation climate more accurately. In 2008, the American 
Association of State Highway and Transportation Officials (AASHTO) published the 
results of NCHRP 22-14(02) as the first edition of the Manual for Assessing Safety 
Hardware (MASH) [2]. The second edition of MASH was published in 2016 and 
implemented changes to several test vehicle dimensions, test documentation requirements, 
and developed a new matrix for the testing of cable barriers on slopes [3]. 
1.1.1 MASH Implementation 
In December 2015, AASHTO and the Federal Highway Administration (FHWA) 
released a joint implementation agreement. The purpose of the agreement was to encourage 
state departments of transportation and hardware developers to advance their roadside 
safety device designs. The agreement established sunset dates for the evaluation of roadside 
2 
 
safety features to MASH 2016 on the National Highway System (NHS). The sunset dates 
included in the agreement are presented in Table 1. 
Table 1. MASH 2016 Implementation Sunset Dates 
 
1.1.2 Federal-Aid Eligibility Letters 
Traditionally, the FHWA has reviewed details of new roadside safety hardware and 
delivered eligibility letters to those systems that were considered crashworthy to the 
applicable crash testing standards at the time. These letters provided state departments of 
transportation with the justification needed to receive federal reimbursement for safety 
hardware installed on NHS construction projects. However, in May 2017 the FHWA 
distributed an open letter to the highway safety hardware and roadside design community 
establishing changes to the eligibility letter process. The significant changes are as follows: 
(1) Moving forward, in order for manufacturers and States to qualify for an FHWA 
Federal-aid eligibility letter, all roadside hardware devices must complete the 
full suite of recommended tests as described in AASHTO MASH. 
(2) FHWA will no longer provide Federal-aid eligibility letters for modifications 





Note: Temporary work zone devices, including portable barriers, manufactured after December 31, 
2019, must have been successfully tested to the 2016 edition of MASH. Such devices manufactured 
on or before this date, and successfully teste to NCHRP Report 350 or MASH 2009, may continue 
to be used throughout their normal service lives.
Sunset Date
W-beam barriers and cast-in place concrete barriers
Roadside Safety Features
Dec. 31 2019
Bridge rails, transitions, all other longitudinal barriers including portable 
barriers installed permanently, all other terminals, sign supports, and other 
breakaway hardware
W-beam terminals
Cable Barriers, cable barrier terminals, and crash cushions
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The result of this letter is that systems that may be crashworthy to MASH 2016 will 
not be qualified to receive an eligibility letter without first being evaluated through 
expensive crash testing. Also, modifications made to systems currently holding an 
eligibility letter will not be awarded another letter without crash testing of the additional 
modifications. However, in another open letter dated April 8, 2019, the FHWA clarified 
that design modifications may be considered for an eligibility letter if the modification 
occurs whilst the system is undergoing applicable crash testing. FHWA requires that the 
modification be fully documented, and the following must be included in the application: 
(1) Revision details (i.e. full description, drawings, and other details) to explain the 
type and extent of the revisions(s). 
(2) Engineering rationale with adequate detail to explain the purpose of the 
revision(s). In other words, it must be clearly stated why the revisions were 
made to the device during crash testing. 
(3) Engineering assessment of the expected performance on crash tests conducted 
on the device where design revisions were not present at the time of those tests. 
Additionally, we (FHWA) may request a detailed engineering analysis. 
FHWA has stated that transportation agencies do not need an eligibility letter in 
order to obtain federal reimbursement. It will be up to agencies to work with their divisional 
FHWA offices to ensure that roadside hardware is crashworthy and, therefore, eligible for 
reimbursement. Thus, a review of the sponsoring agencies’ existing concrete barrier 
standards was necessary to determine their crashworthiness and provide the documentation 





The objective of the research effort was to perform a literature review and compile 
a crash testing database of currently crash tested permanent concrete barrier systems. The 
information gathered was used to synthesize a methodology to evaluate permanent concrete 
barrier systems to MASH 2016 without physical crash testing. A review of Midwest Pooled 
Fund Program member’s permanent concrete barrier standards was performed, and the 
evaluation methodology was applied to determine compliance to MASH 2016.  
1.3 Scope 
The scope of the research effort was to perform a literature review and determine a 
methodology for which to evaluate permanent concrete barriers to the provisions of MASH 
2016 without expensive crash testing. A survey was administered to collect permanent 
concrete barrier standards and specifications from the sponsoring agencies. Permanent 
concrete barriers were then selected and analyzed according to the established 





2 LITERATURE REVIEW 
2.1 MASH Updates from NCHRP Report No. 350 
MASH overhauled many sections of NCHRP Report No. 350 to more accurately 
represent real-world and worst-practical impacts on the current highway system. The 
overhaul largely affected the test matrices for TL-3 and TL-4 impacts on longitudinal 
barriers. The effects include, but are not limited to, new test vehicles, more severe impact 
conditions, and modified evaluation criteria. The MASH test matrices for TL-3 and TL-4 
crashes are presented in Table 2 [3]. 
Table 2. MASH Test Matrices for TL-3 and TL-4 Longitudinal Barriers [3] 
 
 
2.1.1 MASH Test Designation No. 10 
Test 10 is intended to test the ability of a barrier to safely contain and redirect small 
passenger cars. Primary concerns in the test are under-ride, snagging of wheels, rollover, 
and head slap. MASH replaced the 820C test vehicle of NCHRP Report No. 350 with the 
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1100C test vehicle. This change resulted in an increase in vehicle mass from 1,808 lb to 
2,420 lb. The impact angle of the test also increased from 20 to 25 degrees. The speed 
remained constant at 62 mph. These changes caused the lower limit of the impact severity 
of the test to rise 102 percent, from 25.2 kip-ft to 51.0 kip-ft. The large increase in impact 
severity has raised concern over the increased likelihood of snagging, which may 
contribute to greater occupant compart deformations. 
2.1.2 MASH Test Designation No. 11 
Test 11 is a strength test for TL-1 through TL-3. In addition, this test is required for 
all barrier configurations and test levels due to the high frequency of pickup truck rollovers 
observed in previous crash testing studies. MASH replaced the 2000P test vehicle of 
NCHRP Report No. 350 with the 2270P test vehicle. This change resulted in an increase 
in vehicle mass from 4,409 lb to 5,000 lb. The impact angle of the test remained constant 
at 25 degrees. The speed remained constant at 62 mph. These changes caused the nominal 
impact severity of the test to rise 13 percent, from 102.7 kip-ft to 106.0 kip-ft. The increase 
in impact severity resulted in greater impact forces than the forces presented in Section 13 
of the AASHTO LRFD Bridge Design Specifications [4]. 
2.1.3 MASH Test Designation No. 12 
Test 12 is performed to appraise the ability of a barrier system to resist the forces 
of a heavy single-unit truck (SUT). MASH replaced the 8000S test vehicle of NCHRP 
Report No. 350 with the 10000S test vehicle. This change resulted in an increase in vehicle 
mass from 17,637 lb to 22,046 lb. The impact angle of the test remained the same at 15 
degrees, but the speed increased from 49.7 mph to 56 mph. These changes caused the lower 
limit of the impact severity of the test to rise 65 percent, from 85.9 kip-ft to 142 kip-ft. 
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2.1.4 Evaluation Criteria 
The evaluation criteria for longitudinal barriers remained principally consistent 
between NCHRP Report No. 350 and MASH 2016. Barrier systems are assessed on three 
main categories: structural adequacy, occupant risk, and post-impact vehicular response. 
Post-impact vehicular response was referred to as vehicle trajectory under NCHRP Report 
No. 350. No changes were made to the structural adequacy criterion under MASH. 
A minor change in occupant risk was the 0.49 G increase in the maximum allowable 
ridedown accelerations to 20.49 G’s in MASH. In addition, MASH established maximum 
occupant compartment deformations for various positions in a test vehicle. Previously, the 
test agency was responsible for justifying the risk to occupants due to compartment 
deformations, but by instituting maximum deformations the subjective nature of 
determining occupant risk has been negated. The maximum allowable occupant 
deformations are listed in Section 5.2.2 of MASH and are shown in Table 3.
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Table 3. MASH Maximum Allowable Occupant Compartment Deformations 
LOCATION 
MASH  2016 ALLOWABLE 
DEFORMATION in. (mm) 
Wheel Well & Toe Pan ≤ 9  (229) 
Floor Pan & Transmission Tunnel ≤ 12  (305) 
A-Pillar ≤ 5  (127) 
A-Pillar (Lateral) ≤ 3  (76) 
B-Pillar ≤ 5  (127) 
B-Pillar (Lateral) ≤ 3  (76) 
Side Front Panel (in Front of A-
Pillar) ≤ 12  (305) 
Side Door (Above Seat) ≤ 9  (229) 
Side Door (Below Seat) ≤ 12  (305) 
Roof ≤ 4  (102) 
Windshield ≤ 3  (76) 
Side Window 
No shattering resulting from 
contact with structural 
member of test article 
Dash N/A 
 
MASH modified the post-impact vehicular response section by redacting Criterion 
K and M, which previously applied to the test matrices for MASH TL-3 and TL-4 
longitudinal barriers under NCHRP Report No. 350. These criteria noted preferences that 
the exit angle not exceed 60 percent of the impact angle, and that the vehicle trajectory not 
protrude into adjacent traffic lanes. However, MASH noted that excessive exit angles are 
not desirable, and adopted the “exit box” criterion, of the European Committee for 
Standardization (CEN). The “exit box” restricts the area in which the test vehicle may exit 
after impact and is determined from the length and width of the vehicle as seen in Figure 





Figure 1. Exit Box for Longitudinal Barriers [3] 
2.2 MASH TL-3 Impact Stability and Force Research 
Research was conducted under report NCHRP 22-20(02) to define the TL-3 impact 
load correlating with the new MASH pickup truck, 2270P, vehicle [5]. The study began by 
verifying the previously-recommended, impact force of 54 kips using LS-DYNA 
simulation results and the NCHRP Report No. 350 pickup truck model, 2000P. Moving 
forward, the 2000P model was exchanged for an upgraded 2270P model, and a similar 
simulation was used to determine the impact load of the MASH vehicle. Using 50-
millisecond average forces, the maximum force achieved by the 2270P vehicle on a 32-in. 
tall vertical barrier was 70 kips, which represented a 30 percent increase from NCHRP 
Report No. 350. 
In a subsequent report conducted at TTI, NCHRP 20-07(395), bridge rails of 
varying size, shape, and material were computationally analyzed to MASH standards. As 
part of the project, a new minimum rail height for TL-3 impacts was investigated in LS-
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DYNA [7]. Within AASHTO LRFD Bridge Design Specifications, the minimum height of 
TL-3 NCHRP Report No. 350 crashes was 27 in. [4]. The study observed that simulated 
pickup truck crash tests into rigid vertical barriers with heights of 27, 28, and 29 in. The 
27-in. tall barrier resulted in a rollover. The 28-in. tall barrier did not result in rollover but 
it was deemed to have severe potential for instabilities. Therefore, TTI researchers 
concluded that the 29-in. tall barrier should be the minimum MASH TL-3 rail height to 
maintain test vehicle stability throughout impact according to simulation. 
TTI researchers also studied the transverse impact force (Ft) and resultant location 
(He) in addition to TL-3 vehicle stability. According to simulations, MASH and NCHRP 
Report No. 350 TL-3 pickup truck impacts are expected to generate impact loads of 71 and 
61 kips, respectively. The effective height from the FE simulations was calculated to be 
19.5 in., determined similarly to SUT effective heights described previously. 
2.3 MASH TL-4 Impact Stability and Force Research 
Since the original publication of MASH, researchers have suspected changes would 
need to be made to current design methodologies. In recent years, efforts have been made 
to quantify these changes for the varying test levels. These efforts include studies 
performed to identify new minimum barrier heights to prevent vehicle instabilities, as well 
as estimating new design impact forces to ensure structural integrity of barriers. 
The first study was published in 2011 by the Texas Transportation Institute (TTI) 
[6]. Sheikh et al. utilized the commercial finite element (FE) software LS-DYNA [8] to 
test and identify a minimum height for MASH TL-4 crashes. As part of the simulations, 
the SUT model was modified to better represent critical parameters. Chief among the 
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modified parameters was the reduction of track width, which led to a more unstable model 
and yielded more conservative results. 
Sheikh et al. then ran simulations of the SUT model to base TL-4 impact conditions 
according to MASH. The simulations were conducted on single-slope barriers of heights 
42, 39, 38, 37, and 36 in. By comparing roll, pitch, and yaw angles of the simulations, the 
TTI researchers determined all barrier heights to be sufficient. However, 36 inches was 
deemed to be marginal in the categories of stability and rollover potential, with the rear 
wheels nearly passing over the top of the barrier, see Figure 2 [6]. Therefore, TTI 
researchers ended simulations at 36 in. and declared this height as the minimum according 
to FE simulations. 
 
Figure 2. Simulated Impact of SUT on 36-in. Tall Single-Slope Barrier [6] 
TTI verified the results of the FE simulation by conducting MASH Test 
Designation No. 4-12 on a TxDOT 36-in. tall Single-Slope Traffic Rail (SSTR), test no. 
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420020-9b [6]. As observed by TTI, the full-scale crash test performed acceptably to 
MASH and similarly to the FE simulation with the rear wheels rising near the top of the 
barrier. However, TTI researchers noted New Jersey and F-shape barriers are known to 
instigate increased vehicle climb due to the presence of a barrier toe and slope breakpoint, 
but reasoned that due to the larger vehicle mass and wheel radius of the SUT, the barrier 
profile of these shapes would have an insignificant effect. With these considerations, TTI 
recommended 36 in. to be the minimum height for all barrier types. 
As part of Report No. 9-1002-5, the force of TL-4 impacts was also studied [6]. 
Impact forces were determined using LS-DYNA simulations at each of the heights used 
for the minimum height selection. The simulations showed that the 50-millisecond average 
force of initial impact did not increase with height. However, as height increased, the tail-
slap impact (rear axle contact due to redirection) increased and became critical. TTI 
researchers noted that the force associated with the recommended minimum height should 
not be selected as the design force, as barriers may be designed at greater heights that meet 
TL-4 standards. Therefore, TTI researchers selected 80 kips as the design force, which 
corresponds to a 42-in. tall barrier and is the minimum height for a TL-5 barrier [6].  
NCHRP Project 22-20(02) sought to quantify the peak force and location on TL-4 
barriers, which had been previously studied under FHWA/TX-12/9-1002-5. The new study 
began with a simplified dimension analysis of a mass-spring system to estimate a new 
impact load. This analysis used ratios of the system’s stiffness, mass, lateral acceleration, 
impact angle, and center of mass properties to calculate an impact load of 80.3 kips for TL-
4 crash tests. 
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Another method used by TTI researchers to estimate the TL-4 dynamic load was 
using Newton’s Second Law of Motion. TTI took the total mass of the vehicle and 
multiplied by the lateral acceleration, which yielded an impact of 99 kips. Note, the 
preceding two methods do not address vertical force distribution along a barrier face, and 
thus a resultant height of the force could not be determined, so FE simulations in LS-DYNA 
were also employed. 
The FE simulations were conducted on 36 in., 39 in., 42 in., and “tall” vertical rigid 
barriers. The tall barrier had a height greater than the height of the SUT and was used to 
determine a maximum transverse force (Ft) for longitudinal barrier impacts. The use of LS-
DYNA enabled TTI researchers to determine the maximum total transverse impact force 
for each barrier as well as the distribution over the height of the barrier. Transverse force 
distributions over barrier faces were utilized to compute an effective height (He) by taking 
the weighted average of the force over the height of the barrier. In addition to peak 
transverse forces and corresponding effective heights, TTI researchers also analyzed the 
longitudinal impact forces (FL), longitudinal force distribution length (LL), vertical impact 
forces (Fv), and vertical force distribution length (Lv). The results of the study for TL-4 
impacts led TTI researchers to recommend the parameters summarized in Table 4. Impact 
forces were only determined at the lower bound 36-in. tall barrier height and above due to 
stability issues, as researched, at lessr barrier heights. 
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Table 4. Recommended Design Parameters for MASH TL-4 Impact [5] 
 
 
2.4 Stand-Alone Foundations 
TTI researchers recently conducted FE simulations and crash tests on moment slab 
and concrete beam structurally independent foundations for the TxDOT Single-Slope 
Traffic Rail (SSTR) barrier [9]. The SSTR is a 36-in. tall, 11-degree face single-slope 
barrier. The moment slab was evaluated in a full-scale MASH TL-4 crash test. The moment 
slab was 1-ft deep by 5-ft wide, whereas the concrete beam foundation was designed to be 
27-in. deep and 18-in. wide. In addition to the designs proposed by TTI, TxDOT created a 
third design, a hybrid between a moment slab and concrete beam foundation as shown in 
Figure 3. This foundation consisted of a concrete beam with a depth of 20 in. and a width 
of 27 in. The beam was attached to a moment slab having a width of 51 in. and a variable 
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Figure 3. TxDOT SSTR with Concrete Beam and Slab Foundation [9] 
The three preliminary designs were then subjected to FE simulations of MASH test 
designation no. 4-12. The TTI researchers reduced some of the dimensions to optimize 
construction costs. Additionally, the simulations modeled native soil properties found at 
the TTI proving ground testing facility rather than typical well-compacted soils used in 
crash testing. Individual barrier segments were varied between 20 ft and 50 ft, but the 
length of the moment slab was maintained at a minimum of 120 ft. 
Five concrete beam foundations were simulated with varying section dimensions, 
segment lengths, and ditch characteristics. The results of the FE simulations conducted on 
the concrete beam foundations are summarized in Table 5.
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19 in. 33 in. 15 ft 1V:2H N/A 
Unacceptable barrier deflection 
Test vehicle was not contained or 
redirected 
19 in. 33 in. 20 ft 1V:2H N/A 
Test vehicle was not redirected or 
contained 
19 in. 33 in. 20 ft 1V:2H 1 ft 
Test vehicle was not redirected or 
contained 
19 in. 33 in. 30 ft 1V:2H 1 ft Barrier performed acceptably 
18 in. 27 in. 50 ft N/A N/A Barrier performed acceptably 
13 in. 10 in. 50 ft N/A N/A Barrier performed acceptably 
 
The concrete beam foundation with a 30 ft segment length was selected as the most 
favorable design, and TxDOT designed reinforcement details for this option. The barrier is 
longitudinally reinforced with eight No. 4 bars and vertically reinforced with No. 4 stirrups 
placed at a spacing of 6 in. A No. 4 U bar spaced at 6 in. connects the barrier to the 
foundation. The system was designed to be able to place the concrete beam foundation and 
barrier separately.  
Three moment slab foundations were simulated with varying section dimensions, 
segment lengths, and ditch characteristics. The results of the FE simulations conducted on 
the moment slab foundations are summarized in Table 6. 









36 in. 8 in. 50 ft N/A 8 in. Barrier performed acceptably 
60 in. 15 in. 15 ft N/A 0 in. 
Excessive barrier deflection 
Test vehicle was not redirected or 
contained 
60 in. 12 in. 20 ft N/A 12 in. Barrier performed acceptably 
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A small segment length was observed to be more desirable as it can be easily cast 
and handled in comparison to larger segment lengths. Therefore, the moment slab 
foundation with a width of 20 ft was selected as the most favorable design. Reinforcement 
details were determined, and the system underwent full-scale crash testing to further 
evaluate its safety performance.  
In test no. 469689-3-3, a 36-in. tall, 11-degree single-slope concrete barrier 
installed on a moment slab foundation was crash tested to MASH test designation no. 4-
12. The concrete barrier was vertically reinforced with No. 4 stirrups spaced at 6 in. 
Longitudinal reinforcement was provided in the barrier by four rows of two No. 4 
reinforcing bars vertically spaced at 10 in. The barrier was anchored to a 12-in. deep by 5 
ft wide moment slab utilizing No. 4 U-shape reinforcing bars spaced longitudinally at 6 in. 
All occupant risk factors were within MASH limits, and the barrier successfully contained 
and redirected the test vehicle according to MASH test designation no. 4-12 [9]. 
Two hybrid concrete beam and slab foundations with varying section dimensions 
underwent FE simulations. The first simulation produced an acceptable result, therefore 
the section dimensions were reduced, and crash testing was again simulated. The 
simulation again produced acceptable results. Therefore, the critical dimensions of the 
second simulation and result of the FE simulation are reported in Table 7. 









31.3 in. 12 in. 
Not 
Reported 




Additional TL-4 FE simulations were conducted on the TxDOT SSTR barrier on 
top of a stand-alone retaining wall configuration [10]. The barrier and retaining wall 
dimensions are shown in Figure 4. The simulations resulted in soil pressures of 20 psi, 
which was greater than the allowable soil pressure determined to be 12.2 psi. However, 
due to the dynamic nature of an impact load being applied over a short time period, 
Williams et al. asserted that these pressures would not cause significant performance 
issues. Therefore, the FE simulations led to the conclusion that a barrier on top of a 
retaining wall would be stable when impacted under MASH TL-4 conditions, but it was 
also recommended to conduct further simulations to confirm these findings.  
 
Figure 4. TxDOT SSTR Retaining Wall Foundation [10] 
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2.4.1 Moment Slab and Wall Coping Analysis 
Moment slab and wall coping anchorage systems have been tested to MASH test 
designation nos. 3-11 and 4-12 under test nos. 475350-1 [39] and 510602-EWP1 [12], 
respectively. Test no. 475350-1 was conducted on a 32-in. tall precast vertical barrier with 
a cast-in-place moment slab with details and dimensions noted in Figure 5. The moment 
slab featured five No. 4 longitudinal bars near the top of the slab and was connected to the 
precast barrier via No. 6 L-shaped rebar spaced longitudinally at 10 in. Joints in the moment 
slab were spaced at 30 ft. The barrier system successfully met the evaluation criteria of 
MASH test designation no. 3-11.  
 
Figure 5. Test No. 475350-1 Moment Slab and Wall Coping Dimensions [11] 
Test no. 510602-EWP1 was a crash test performed on the GRAVIX® barrier, a 
proprietary precast barrier and moment slab assembly manufactured by Earth Wall 
Products, LLC [12]. The GRAVIX® barrier currently holds FHWA Eligibility Letter B-
249 [12] for compliance with MASH TL-4 crash testing. However, due to Earth Wall 
Product’s proprietary rights, details of the barrier are limited except for the overall shape. 
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A study of the design of moment slabs has been performed by the Texas 
Transportation Institute under NCHRP Report No. 663 [13] and continued in NCHRP 
Report 22-20(2) [5]. The study ended in the establishment of design guidelines for moment 
slabs subjected to MASH impacts. The guidelines established minimum widths as well as 
calculation criteria for sliding and overturning limit states. 
Based on the research, the minimum moment slab widths for MASH TL-3 and TL-
4 impacts were determined and presented in Table 8. In addition to minimum width, the 
length of moment slabs must be at least 20 ft and the joints between slabs must be joined 
with a minimum of two No. 9 steel dowels to transfer loads. 
Table 8. Minimum Width for MASH TL-3 and TL-4 Moment Slab Anchorage [5] 
Test Level TL-3 TL-4 
Width  ≥ 4 ft ≥ 4.5 ft 
*Moment slab length must be > 20 ft 
*Joints joined by at least two No. 9 steel dowels 
 
NCHRP Project 22-20(02) recognized two limit states for the barriers in a moment 
slab configuration: sliding and overturning. The sliding limit state is evaluated according 
to Equation 1 below, in which the factored static resistance (φP) must be greater than or 
equal to the factored equivalent static load (γLs). The equivalent static load was investigated 
for each test level and the results from NCHRP Report 22-20(2) are presented in Table 9. 
𝜑𝑃 𝛾𝐿  (1)
Table 9. Equivalent Static Loads for MASH TL-3 and TL-4 Moment Slab Design [5] 
Test Level TL-3 TL-4 
Ls  23 kip 28 kip 
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The overturning limit state is evaluated using Equation 2 below, according to the 
results of NCHRP Project 22-20(2). The equation requires the factored moment resistance 
of the barrier-slab system (φM) to be greater than or equal to the moment induced by the 
equivalent static load reported in  
𝜑𝑀 𝛾𝐿 ℎ 𝑜𝑟 ℎ  (2)
The moment arm (hA or hB) was found to vary depending on the expected rotation 
of the barrier during overturning. TTI researchers determined that barriers with moment 
slabs tend to rotate about one of two locations, identified as points A and B in Figure 6. 
The barrier will rotate about point A when the top of the mechanically stabilized earth 
(MSE) wall is isolated from being impacted by the top of the coping by an air gap or 
adequate condensable material. Consequently, the barrier rotates about point B if the wall 
coping sits directly atop the MSE wall panel. 
 
Figure 6. Points of Rotation for Overturning Barrier-Moment Slab Systems [5,13] 
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2.5 Grade Seperated Barriers 
A grade separated barrier is a barrier in which the elevations of the surfaces on 
opposite sides of the barrier differ. A cross-section of an example grade separated barrier 
from the Minnesota Department of Transporation Standard Details is displayed in Figure 
7. 
 
Figure 7. Minnesota Type 42 A Grade Seperated Barrier Example [14] 
A design of a 112½-in. tall grade separation barrier was researched and developed 
by the TTI [15]. An original design was submitted to TTI by the Tennesse Department of 
Transportation which featured a split single-slope median wall design. However, analysis 
was conducted on a myriad of different barriers. The analyzed barriers included a grade 
separated 112½-in. tall, single-slope median barrier, a 51-in. tall, single-slope median 
barrier, a 112½-in. tall grade seperation vertical barrier with a single-slope back face, and 
a 51-in. tall vertical barrier with single-slope back face. A simulation of MASH test 
designation no. 3-11 was performed on an 80 ft section of all four of the analyzed barrier 
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configurations. All four barriers were observed to adequately contain and redirect the 
2270P vehicle and were deemed to be satisfactory to MASH test designation no. 3-10.  
Additional segment length optimization simulations were performed to MASH test 
designation no. 4-12. These simulations were performed only on a 35 ft section of the 112½ 
in. tall grade seperation single-slope median barrier and a 60 ft section of the 51-in. tall, 
single-slope median barrier. In both cases, the barriers were deemed to have adequately 
contained and redirected the 10000S test vehicle. However, the simulation showed some 
barrier velocity still occurring when the simulation ended for the 51-in. tall barrier. 
Silvestri-Dobrovolny et al. believed that the residual velocity was minor and did not pose 
a threat of intruding in the adjacent lane. Additionally, TTI researchers deemed the 
simulation conservative due to not modeling a 1½-in. thick asphalt keyway anchorage 
typically used in the design and modeling a 1½ in. reduced height of the barrier design. 
Therefore, based on these further justifications made by Silvestri-Dobrovolny et al., it was 
deemed that the 51-in. tall, single-slope median barrier had successfully met MASH 
evaluation criteria. 
An additional segment length optimization simulation was performed to MASH 
test designation no. 3-11. The simulation was performed onl a 24 ft section of the 112½-
in. tall grade separation single-slope median barrier. The simulation resulted in the barrier 
adequately containing and redirecting the 2270P vehicle.  
In addition to the FE simulations, some of the barriers were also computationally 
evaluated for sliding, overturning, bearing capacity, and strength. The strength was 
evaluated through a yield-line analysis. Based on the results of the FE simulations and 
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computational analysis, Silvestri-Dobrovolny et al. provided recommendations for the 
minimum segment lengths of each barrier type. 
2.6 Post-and-Beam Barriers 
Section 13 of the AASHTO LRFD Bridge Design Specifications [4] provides plots 
in A13.1.1-2 and A13.1.1-3 to assess the shapes of post-and-beam barriers. These plots aim 
to give guidance on the potential for impact with a post that could lead to excessive damage 
to the vehicle and risk to the occupant based on post setback distance, vertical clear 
opening, and the ratio of contact width to total height. A13.1.1-2 and A13.1.1-3 are 
represented in Figures 8 and 9, respectively. 
 




Figure 9. Post Setback Criteria [4] 
Although these plots are somewhat archaic, originally being developed under 
NCHRP Report 230 guidelines, justifications found in NCHRP 20-07(395) indicated that 
the use of these plots might still hold some relevance when assessing the crashworthiness 
of post-and-beam and other similar systems [7]. In some instances, as observed in NCHRP 
20-07(395), systems that plotted in the hatched regions or even in the “not recommended” 
spaces of Figures 8, and 9 did successfully meet the requirements of crash tests. However, 
this behavior was erratic, whereas no NCHRP Report No. 350 or MASH test that plotted 
in both the low potential and preferred regions of Figures 8 and 9 failed a crash test for 
concrete post-and-beam systems, as summarized in Table 10 and illustrated in Figures 10 
through 13. Therefore, in NCHRP 20-07(395) a successful evaluation of a post-and-beam 
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barrier was concluded to consist of Figures 8 and 9 plotting in the low potential and 
recommended areas, respectively. 
Table 10. Concrete Beam-and-Post Rail Systems and Geometry [7] 














TxDOT T223 Bridge Rail [16] MASH 4.5 13.0 0.60 
TxDOT T224 Bridge Rail [17] MASH 3.5 12.0 0.70 
T202 Bridge Rail [18] 
NHRP 
Report 350 
1.5 13.0 0.52 




4.5 13.0 0.52 




2.0 9.5 0.71 




2.0 13.0 0.55 
Type 80SW Bridge Rail [22] 
NHRP 
Report 350 
4.0 11.0 0.65 
 
 
Figure 10. MASH and NCHRP Report No. 350 Passenger Car Post-and-Beam Data-Ratio 




Figure 11. MASH and NCHRP Report No. 350 Passenger Car Post-and-Beam Data-
Vertical Clear Opening vs. Post Setback [7] 
 
Figure 12. MASH and NCHRP Report No. 350 Pickup Truck Data-Ratio of Contact 




Figure 13. MASH and NCHRP Report No. 350 Pickup Truck Data-Vertical Clear 
Opening vs. Post Setback [7] 
2.7 Textured and Aesthetic Barriers 
Textured and aesthetic barriers are those barriers which feature a facing that does 
not consist of a typical smooth finish. The texturing is applied as an aesthetic finish to 
improve the appearance of the roadside safety feature. A myriad of textured barriers have 
been crash tested in accordance with NCHRP Report No. 350 by the California Department 
of Transportation in FHWA/CA/TL-2002/03 [23]. The report documented eight NCHRP 
Report crash tests, three test designation nos. 3-10, and five test designation nos. 3-11.  
The crash tests allowed researchers to suggest architectural guidelines for single-
slope and vertical textured barriers to be determined. These included: 
(1) Sandblast textures must have a maximum textural relief of 3/8 in. 
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(2) Images and patterns inset into a barrier face must have a maximum depth of 1 
in. and must contain chamfered or beveled edges of 45 degree or flatter to 
prevent wheel snagging. 
(3) Textured and patterns of any length and shape may be inset into the barrier face 
without chamfering the edges up to a maximum depth of ½ in., but the width 
must be limited to a maximum of 1 in. 
(4) A texture featuring gradual undulations must conform to a maximum relief of 
¾ in. over a length of 11¾ in. 
(5) Gaps, slots, grooves, and joints may have a maximum width of ¾ in. with a 
maximum surface differential of 3/16 in. 
(6) No textures or patterns shall have any long upward-sloping edges or ridges 
which may induce vehicle climb. 
(7) Patterns located 24 in. vertically or above on a barrier face may have a 
maximum relief of 2 ½ in., but leading edges must be rounded or sloped to 
minimize propensity for snagging. No part of the texture located above 24 in. 
may protrude past the plane of the lower portion of the barrier. 
These guidelines were reported in NCHRP Report 554 “Aesthetic Concrete Barrier 
Design” as guidelines for single-slope and vertical barriers [24]. In addition, NCHRP 
Report 554 documented crash testing and FE simulations that allowed researchers to 
develop a plot to assess the crashworthiness of asperities in the traffic face of safety shape 
barriers, as shown in Figure 14. The plot is based on the internal energy of the floorboard 
being utilized as an alternate to occupant compartment deformation. However, considering 
that these guidelines were developed for NCHRP Report No. 350 impact severities, the 
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increased impact severities in MASH may require more stringent regulations of textures 
and aesthetic features.  
 
Figure 14. Design Guidelines for Aesthetic Surface Treatment of Safety Shape Concrete 
Barrier [23-24] 
MASH TL-3 crash testing was recently performed under test nos. H34BR-1, 
H34BR-2, H42BR-1, and H42BR-2 [25-26]. The testing was conducted on two barriers in 
the four tests, each having an inlay of ½ in. The barrier tested in test nos. H34BR-1 and 
H34BR-2 had a 26.6-degree beveled edge and an asperity width of 60 in. Therefore, the 
barrier tested in test nos. H34BR-1 and H34BR-2 would easily plot in the acceptable range 
according to Figure 12. The barrier tested in test nos. H42BR-1 and H42BR-2 had a 63.4-
degree beveled edge and an asperity width of 6 in. It is more difficult to plot where the 
barrier tested in test nos. H42BR-1 and H42BR-2 according to Figure 12, and it appears 
that it could be close to the not recommended or acceptable limit for the specified angle. 
However, both aesthetic barriers were deemed crashworthy to MASH TL-3 standards. 
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Therefore, it appears that the guidance in NCHRP Report 554 may still hold some 
relevance to applications under MASH evaluation criteria, but could be revisited to 
establish better guidelines. 
2.8 Crash Testing Database 
A crash testing database was compiled of 118 crash tests. The database was 
populated with six NCHRP Report 230, 21 AASHTO Guide Specifications for Bridge 
Railings, 52 NCHRP Report No. 350, and 39 MASH crash tests. Details of the MASH 
crash tests compiled within the database and used for evaluations are provided below. 
2.8.1 MASH Single-Slope Barrier Crash Tests 
In test no. OSSB-1, a 42-in. tall, 10.9-degree single-slope concrete barrier was crash 
tested to MASH test designation no. 3-11 [27]. The concrete barrier was entirely 
unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide asphalt 
keyway. The crash test resulted in negligible permanent set displacement, and all occupant 
compartment deformations were within the allowable limits established in MASH.  The 
barrier successfully contained and redirected the barrier according to MASH test 
designation no. 3-11 [27]. 
In test no. 140MASH3C16-04, a 36-in. tall, 9.1-degree single-slope concrete barrier 
was crash tested to MASH test designation no. 3-10 [28]. The section was longitudinally 
reinforced with four rows of two No. 5 rebar, and was vertically reinforced at the ends with 
No. 4 stirrups spaced at 6 in. The end anchorage consisted of a 10-in. deep by 9.8-ft long 
footing reinforced longitudinally by two rows of two No. 5 bars. Damage to the barrier was 
minimal, and all occupant risk values were within MASH limits. The barrier successfully 
contained and redirected the barrier according to test designation no. 3-10 [28]. 
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In test no. 420020-9b, a 36-in. tall, 11-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12 [6]. The section was longitudinally and 
vertically reinforced with five rows of two 0.4-in. diameter welded wire reinforcement 
(WWR) and 3/8 in. diameter WWR spaced at 6 in., respectively. The barrier was fixed to a 
slab with No. 4 deck stirrups spaced on center at 6 in. The barrier had cosmetic damage 
only, and all occupant risk values were determined within MASH limits. The barrier 
successfully contained and redirected the barrier according to test designation no. 4-12 [6].  
In test nos. 469467-3-1 and 610221-01-1, a 42-in. tall, 10.8-degree single-slope 
concrete barrier was crash tested to MASH test designation no. 4-12 [29-30]. The section 
was longitudinally reinforced and vertically reinforced with seven rows of two D19.7 
WWR and D9.4 WWR spaced on center at 8 in. The system was anchored with a 1-in. 
thick by 9-in. wide asphalt keyway. Test no. 610221-01-1 was conducted on a shorter 
segment length of 40 ft than the 75 ft segment length of test no. 469467-3-1. In both crash 
tests the barrier experienced minimal damage, negligible permanent set deflection, and all 
occupant risk values were within MASH limits. The barrier successfully contained and 
redirected the barrier according to test designation no. 4-12 [29-30]. 
In test no. 510602-EWP1, a 36-in. tall, 11-degree single-slope barrier was crash 
tested to MASH test designation no. 4-12 [12 ]. The barrier consisted of 8-ft sections of 
precast members with an unspecified amount of reinforcement. Each precast section had 
an 18-in. thick by 8-ft. long moment slab wall coping system that was supported by earth 
pressures which resulted in a 1¼ in. permanent set deflection. All occupant risk factors 
were within MASH limits, and the barrier successfully contained and redirected the test 
vehicle according to MASH test designation no. 4-12 [12]. 
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In test no. 490027-2-1, a 42-in. tall, 10.8-degree single-slope barrier was crash 
tested to MASH test designation no. 4-12 [31]. The barrier consisted of 30-ft sections of 
precast members reinforced vertically in the interior by D19.7 WWR spaced at 14 in. Each 
precast section was longitudinally reinforced by six rows of two D22.2 WWR. The system 
was anchored by a 13-in. tall slot at the bottom of the section. The slot was fitted over No. 
8 rebar embedded 5¼ in. into the deck using Hilti RE-500 V3 epoxy. The rebar was spaced 
at 72 in. and protruded above the concrete deck 12 in. All occupant risk values were within 
MASH limits, and the barrier successfully contained and redirected the test vehicle 
according to MASH test designation no. 4-12 [31]. 
In test no. MAN-1, a 49¼-in. tall, 9.1-degree single-slope barrier was crash tested 
to MASH test designation no. 5-12 [32]. The barrier was vertically reinforced with M20 
rebar spaced longitudinally at 15¾ in., and longitudinally reinforced by five rows of two 
M15 bars. The barrier was anchored to a bridge deck by M15 U-shape bars spaced at 15¾ 
in. All occupant risk values were within MASH limits, and the barrier successfully 
contained and redirected the test vehicle according to MASH test designation no. 5-12 [32]. 
In test no. 420020-3, a 36-in. tall, 11-degree single-slope barrier was crash tested 
to MASH test designation no. 3-11 [33 ]. The barrier was vertically reinforced with D13.4 
WWR spaced longitudinally at 6 in., and longitudinally reinforced by five rows of two 
D10.7 WWR. The barrier was anchored to a pan-formed bridge deck using 1-in. diameter 
threaded rod that was embedded into the barrier and bolted to the bottom of the deck. 
Anchorage was also provided near the non-traffic face by No. 4 rebar epoxied using Hilti 
HIT RE-500 epoxy. All occupant risk values were within MASH limits, and the barrier 
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successfully contained and redirected the test vehicle according to MASH test designation 
no. 3-11 [33]. 
In test no. 469468-6-1, a 42-in. tall, 10.8-degree single-slope barrier was crash 
tested to MASH test designation no. 4-12 [34]. The barrier was vertically reinforced with 
D9.4 WWR longitudinally spaced at 8 in., and longitudinally reinforced with seven rows 
of two D19.7 WWR equally spaced in the cross section. The barrier was anchored to a 
concrete deck using two No. 6 L bars spaced at 12 in. Anchorage was also provided by a 
1-in. by 9-ft asphalt keyway on both sides of the median barrier. The system featured a 
light pole mounted to the top of the barrier. All occupant risk values were within MASH 
limits, and the barrier successfully contained and redirected the test vehicle according to 
MASH test designation no. 4-12 [34]. 
In test no. 405160-13-1, a 32-in. tall, 10.8-degree single-slope barrier was crash 
tested to MASH test designation no. 3-11 [35]. The barrier was vertically reinforced with 
No. 4 longitudinal bars spaced at 12 in., and longitudinally reinforced with five rows of 
two No. 5 bars. The barrier was cast in 20-ft long sections connected by grouted rebar-grid 
slot connections. Anchorage was provided by a 10-in. depth soil keyway. All occupant risk 
values were within MASH limits, and the barrier successfully contained and redirected the 
test vehicle according to MASH test designation no. 3-11 [35]. 
In test no. 4CBR-1, a 36-in. tall, 2.9-degree single-slope barrier was crash tested to 
MASH test designation no. 4-12 [36]. The barrier was vertically reinforced with No. 4 
stirrups longitudinally spaced at 12 in., and longitudinally reinforced with four rows of two 
No. 5 bars. Anchorage was provided by the vertical No. 4 stirrups being embedded into the 
concrete deck. All occupant risk values were within MASH limits, and the barrier 
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successfully contained and redirected the test vehicle according to MASH test designation 
no. 4-12 [36]. 
2.8.2 MASH Vertical Barrier Crash Tests 
In test nos. 130MASH3C13-02, 130MASH3P13-01, and 110MASH2C14-01, a 32-
in. tall vertical barrier was crash tested to MASH test designation nos. 3-10, 3-11, and 2-
10, respectively [37]. The barrier was vertically reinforced with two No. 5 L bars spaced 
longitudinally at 8 in. and 16 in. The longitudinal reinforcement was provided by six rows 
of No. 5 bars. The barrier also included a 14-in. tall by 12-in. wide beam section and a 
metal pedestrian handrail atop the barrier. Anchorage was provided by the vertical 
reinforcement extending into the concrete deck. The tested system included a sidewalk cast 
on the traffic side of the barrier [37]. 
In test nos. 130MASH3P13-01 and 110MASH2C14-01, all occupant risk values 
were within MASH limits, and the barrier successfully contained and redirected the test 
vehicle according to MASH test designation nos. 3-11 and 2-10, respectively [37]. 
In test no. 130MASH3C13-02, the recorded ridedown accelerations originally 
appeared to be larger than the limits established by MASH. The increased accelerations 
were believed to have been caused by the presence of the sidewalk reducing the flail space 
of the occupant before contact with the barrier. However, after further investigation 
conducted under an Interlaboratory Comparison (ILC) through AASHTO Task Force 13 
(TF13), ridedown accelerations were determined to have been incorrectly calculated from 
the time when the vehicle struck the sidewalk curb. The ridedown accelerations should 
have been calculated starting at contact with the barrier. After the correction of the error, 
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AASHTO TF13 determined the test to be successful according to MASH test designation 
no. 3-10 [37]. 
In test no. 469467-1-1, a 36-in. tall vertical barrier was crash tested to MASH test 
designation no. 4-12 [29]. The barrier was vertically reinforced with D17.1 WWR stirrups 
spaced longitudinally at 6 in., and longitudinally reinforced with five rows of two D17.1 
WWR. The system was anchored to a concrete deck utilizing No. 4 U bars spaced at 6 in. 
All occupant risk values were within MASH limits, and the barrier successfully contained 
and redirected the test vehicle according to MASH test designation no. 4-12 [29]. 
In test no. 490024-2-1, a 32¾-in. tall vertical barrier was crash tested to MASH test 
designation no. 3-11 [38]. The barrier was vertically reinforced with No. 4 stirrups spaced 
longitudinally at 6 in. Longitudinal reinforcement in the barrier was provided by four rows 
of two No. 4 bars. The barrier was unconventionally anchored to the bridge deck by a ¾-
in. thick steel plate bolted through the deck. The plate was welded to five No. 5 bars that 
were embedded into sections of the barrier. The plate-bar anchorage configurations were 
longitudinally spaced at 48 in. All occupant risk values were within MASH limits, and the 
barrier successfully contained and redirected the test vehicle according to MASH test 
designation no. 3-11[38]. 
In test no. 475350-1, a 32-in. tall vertical barrier was crash tested to MASH test 
designation no. 3-11 [39]. The barrier was vertically reinforced with alternating No.5 
longitudinal bars spaced at 10 in. Longitudinal reinforcement was provided by five rows 
of two No. 4 bars. The system was anchored by a 15-in. tall by 10-ft wide moment slab and 
wall coping. The moment slab was covered by 9 in. of soil and was connected to the barrier 
section by No. 6 L reinforcing bars spaced at 10 in. All occupant risk values were within 
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MASH limits, and the barrier successfully contained and redirected the test vehicle 
according to MASH test designation no. 3-11 [39]. 
In test nos. H42BR-1 and H42BR-2, a 42-in. tall vertical barrier with asperities was 
crash tested to MASH test designation nos. 3-10 and 3-11 [26]. The barrier was vertically 
reinforced with two No. 5 longitudinal bars spaced at 6 in. and 12 in. on the traffic-face 
and non-traffic face, respectively. Longitudinal reinforcement was provided by four rows 
of two No. 5 bars spaced vertically at 12 in. The system was anchored by the vertical 
reinforcement extending into concrete 8 in. All occupant risk values were within MASH 
limits, and the barrier successfully contained and redirected the test vehicle according to 
MASH test designation nos. 3-10 and 3-11 [26] 
2.8.3 MASH New Jersey Barrier Crash Tests 
In test nos. 2214NJ-1 and 2214NJ-2, a 32-in. tall, New Jersey barrier was crash 
tested to standards equivalent to MASH test designation nos. 3-10 and 4-12, respectively 
[40,41]. The barrier was vertically reinforced with a No. 5 stirrup spaced longitudinally at 
8 in. Longitudinal reinforcement was provided by four rows of No. 8 reinforcing bars. 
Note, test nos. 2214NJ-1 and 2214NJ-2 were performed before the publication of MASH 
2009, but test parameters were similar to the requirements that were later published within 
MASH with one exception. It does not apper that the SUT test vehicle in 2214NJ-2 utlized 
the ballast per MASH 2016 standards. However, the mass of the SUT was 22,047 lb, which 
falls in the acceptable range for the 10000S test vehicle in MASH 2016. 
In test no. 2214NJ-1, all occupant risk values were within MASH limits, and the 
barrier successfully contained and redirected the test vehicle according to MASH test 
designation no. 3-10 [40]. In test no. 2214NJ-2, the test vehicle rolled over the top of the 
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barrier, landing on its side on the non-traffic face side of the barrier. The observed failing 
behavior was attributed to insufficient height of the barrier to contain and redirect the 
vehicle. Therefore, test no. 2214NJ-2 was not deemed crashworthy to MASH test 
designation no. 4-12 [41]. 
In test no. 401761-SBG1, a 42-in. tall, New Jersey barrier was crash tested to 
MASH test designation no. 5-12 [42]. The barrier was vertically reinforced by two 12-mm 
diameter glass fiber reinforced polymer (GFRP) reinforcing bars spaced longitudinally at 
300 mm. Longitudinal reinforcement was provided by five rows of two 16-mm diameter 
GFRP reinforcing bars. The system was anchored by the vertical reinforcement extending 
into the concrete deck 195 mm. Additional anchorage was provided by a headed 16 mm 
diameter GFRP reinforcing bar running parallel to the lower sloped section of the barrier. 
The headed end of the bar was cast into the deck. All occupant risk values were within 
MASH limits, and the barrier successfully contained and redirected the test vehicle 
according to MASH test designation no. 5-12 [42]. 
In test nos. 476460-1-4 and 476460-1b, a 32-in. tall, New Jersey barrier was crash 
tested to MASH test designation nos. 3-11 and 4-12, respectively [43]. The barrier was 
vertically reinforced with No. 5 stirrups placed longitudinally at 8 in. spacing. Longitudinal 
reinforcement was provided by four rows of two No. 4 reinforcing bars. Anchorage was 
provided by the vertical reinforcement being embedded into the concrete deck below. In 
test no. 476460-1-4, all occupant risk values were within MASH limits, and the barrier 
successfully contained and redirected the test vehicle according to MASH test designation 
no. 3-11. In test no. 476460-1b, the test vehicle rolled over the top of the barrier and 
attained a maximum roll angle of 101-degrees before the test vehicle reached the end of 
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the barrier and the vehicle was able to right itself. However, Bullard et al. believed that the 
test vehicle would have continued to roll over the top of the barrier if the test article had 
had additional length. Therefore, test no. 476460-1b was deemed not crashworthy to 
MASH test designation no. 4-12 [43]. 
2.8.4 MASH F-Shape Barrier Crash Tests 
In test no. 469467-5-1, a 32in. tall, F-shape barrier was crash tested to MASH test 
designation no. 3-11 [34]. The barrier consisted of 30-ft long precast sections with an 
unreported amount of reinforcement. The segments were connected to adjacent sections by 
J-J Hooks® end hooks. The precast sections were each anchored by four 1¼-in. diameter 
pins placed into sleeves in the traffic face toe of the barrier. The pins were driven 5 ½ in. 
into unreinforced concrete deck at an angle of 40 degrees from horizontal. All occupant 
risk values were within MASH limits, and the barrier successfully contained and redirected 
the test vehicle according to MASH test designation no. 3-11 [34]. 
2.8.5 MASH Miscellaneous Barrier Crash Tests 
In test nos. 490025-2-3, 490025-2-2, and 490025-2-1, a 42-in. tall post-and-beam 
barrier was crash tested to MASH test designation nos. 5-10, 5-11, and 5-12, respectively 
[17]. The barrier had a 9-in. tall curb section and a 21-in. tall beam placed on posts. The 
post sections were 12 in. tall and were 32 in. wide on the traffic face. The sides of the post 
were tapered to increase post-setback distance and decrease potential vehicle snag. The 
curb was anchored to the deck with No. 5 V bars spaced longitudinally at 12 in. Each 
interior post was vertically reinforced with No. 5 bars spaced at 6 in. on the traffic face side 
and 12 in. on the opposite side. The beam section was longitudinally reinforced with five 
rows of two No. 6 reinforcing bars confined by No. 5 stirrups spaced at 6 in. In test nos. 
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490025-2-3, 490025-2-2, and 490025-2-1, all occupant risk factors were within MASH 
limits, and the barrier successfully contained and redirected the test vehicles according to 
MASH test designation nos. 5-10, 5-11, and 5-12 [17]. 
In test nos. 607451-1, 607451-2, and 607451-3, a 44-in. tall Pulaski Skyway Bridge 
Parapet was crash tested to MASH test designation nos. 4-10, 4-11, and 4-12, respectively 
[44]. The barrier features an 18-in. tall curb and 7-in. tall beam placed atop 8-in. wide posts 
spaced at 14 in. on center. The curb is anchored to the concrete deck by No. 5 and No. 6 
bent reinforcing bars and is longitudinally reinforced by five No. 5 reinforcing bars. Each 
interior post was vertically reinforced by two No. 6 stirrups. The beam was longitudinally 
reinforced with three No. 5 reinforcing bars confined by No. 3 stirrups spaced at 6 in. In 
test nos. 607451-1, 607451-2, and 607451-3, all occupant risk values were within MASH 
limits, and the barrier successfully contained and redirected the tests vehicles according to 
MASH test designation nos. 4-10, 4-11, and 4-12 [44]. 
In test no. 420021-5, a 32-in. tall Post-and-Beam barrier was crash tested to MASH 
test designation no. 3-11 [16]. The barrier consists of 4-ft long by 9½-in. wide by 13-in. 
tall posts and a 15½-in. wide by 19-in. tall beam placed atop the posts. The beam is 
longitudinally reinforced with four rows of two No. 5 bars confined by No. 3 stirrups 
spaced at 6 in. The posts are vertically reinforced by No. 5 stirrups extending into the beam 
above and spaced longitudinally at 3½ in. Anchorage of the posts is provided by No. 5 U 
bars also spaced at 3½ in. All occupant risk values were within MASH limits, and the 
barrier successfully contained and redirected the test vehicle according to MASH test 
designation no. 3-11 [16]. 
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In test no. 469468-2-1, a 42-in. tall aesthetic barrier was crash tested to MASH test 
designation no. 5-12 [34]. The barrier was comprised of a 17½-in. wide by 18-in. tall curb 
parapet and 12¼-in. wide by 18-in. tall posts that supported a 17½-in. wide by 6-in. tall 
beam. The curb parapet was anchored to the concrete deck by No. 4 stirrups typically 
spaced at 9 in. Longitudinal reinforcement in the curb parapet was provided by two rows 
of two No. 5 and one row of three reinforcing bars. The interior posts were vertically 
reinforced with two No. 6 bars. The beam was longitudinally reinforced with five No. 4 
reinforcing bars confined by No. 3 stirrups at the vertical post reinforcement locations. All 
occupant risk values were within MASH limits, and the barrier successfully contained and 
redirected the test vehicle according to MASH test designation no. 5-12 [34]. 
In test nos. H34BR-1 and H34BR-2, the 34-in. tall aesthetic barrier was crash tested 
to MASH test designation nos. 3-10 and 3-11, respectively [25]. The barrier was vertically 
reinforced by two No. 5 longitudinal bars spaced at 6 in. on the traffic side and 12 in. on 
the non-traffic side. The vertical reinforcement extended 8 in. into the concrete deck to 
provide anchorage to the system. Longitudinal reinforcement was provided by four rows 
of two No. 5 reinforcing bars. In test nos. H34BR-1 and H34BR-2, all occupant risk values 
were within MASH limits, and the barrier successfully contained and redirected the test 
vehicles according to MASH test designation nos. 3-10 and 3-11 [25]. 
In test nos. 469689-2-1 and 469689-2-2, a transition section was crash tested to 
MASH test designation nos. 3-20 and 3-21 [45]. The transition was designed for use 
between a 42-in. tall, single-slope concrete barrier and a 32-in. tall vertical concrete barrier, 
the TxDOT T221. The transition was vertically reinforced with No. 5 reinforcing stirrups 
spaced at 12 in. longitudinally. The concrete transition was longitudinally reinforced by 
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five rows of two No. 5 reinforcing bars with the top row being angled consistent with height 
declination of the barrier. The transition was anchored by 21-in. long No. 6 reinforcing 
bars embedded 6 in. into concrete pavement using Hilti HIT-RE 500 V3 epoxy and spaced 
longitudinally at 8 ft. The anchorage spacing was reduced to 2 ft for the last three anchorage 
bars at each end of the system outside of the transition area. In test nos. 469689-2-1 and 
469689-2-2, all occupant risk values were within MASH limits, and the barrier transition 
successfully contained and redirected the test vehicles according to MASH test designation 






Each barrier submitted by a member of the Midwest Pooled Fund Program was 
evaluated to requirements for MASH 2016 TL-3 or TL-4, as appropriate. Requirements 
were applied to each barrier as presented in the flow diagram in Figure 15. If the 
requirements of the methodology were not initially met for a TL-4 barrier, the test level 
was reduced to TL-3, and the barrier was reevaluated to potentially justify its 
crashworthiness under less restrictive standards. Barrier systems determined unacceptable 









Increased TL-3 and TL-4 impact severities in MASH correspond to increased risk 
of vehicle rollover compared to NCHRP Report No. 350. The height of a barrier is a key 
factor in determining the propensity for vehicle rollover. Therefore, significant research 
has been performed using FE simulations in LS-DYNA to determine minimum heights for 
MASH crash test barriers, and the limiting heights have largely been demonstrated to be 
adequate in full-scale crash tests. When evaluating barriers, the minimum height for a TL-
4 barrier was initially applied, and if the barrier did not satisfy the TL-4 height requirement, 
the barrier was reevaluated at TL-3. If the barrier did not satisfy the stability requirement 
of TL-3, the barrier was deemed non-crashworthy for the purposes of the present study. 
3.2.1 Test Level 3 Stability 
The minimum height of MASH TL-3 barriers was researched in NCHRP 20-
07(395) by conducting FE simulations in LS-DYNA [7]. The research verified the validity 
of the software by comparing gyro angles from a real crash test to a corresponding 
simulation. Simulations were then performed on varying heights and resulted in a 2 in. 
increase in the 27 in. requirement given in the AASHTO LRFD Bridge Design 
Specifications [4]. However, the minimum height of a TL-3 barrier successfully crash 
tested to MASH was 30 in. on a timber railing [46]. 
However, the greatest vehicle climb has been observed in both New Jersey and F-
shape barriers due to the geometry of their traffic face profile. New Jersey and F-shape 
barriers have only been successfully crash tested to MASH at heights of 32 in. or greater 
[29, 40, 43].  
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Therefore, to meet stability requirements for MASH TL-3 crashes, it is believed 
that all permanent concrete barriers must possess a minimum height of 32 in. for New 
Jersey and F-shape barriers and 30 in. for all other barriers. 
3.2.2 Test Level 4 Stability 
The minimum height of MASH TL-4 barriers was researched in FHWA/TX-12/9-
1002-5 by conducting FE simulations and verifying the simulations with a crash test, test 
no. 420020-9b [6]. The simulations began at a 42-in. tall barrier and gradually decreased 
barrier heights to 36 in. At 36 in., they determined that the SUT test vehicle was at the edge 
of instability and any further height reduction would result in unacceptable risk of vehicle 
instabilities. Therefore, the parametric simulations ended, and 36 in. was declared the 
minimum acceptable rail height. 
In the verification crash test on a 36-in. tall, single-slope barrier system, test no. 
420020-9b, TTI researchers observed similar impact characteristics to the FE simulations. 
Notably, the rear wheels of the test vehicle pitched upward near the top of the rail as the 
vehicle was redirected by the barrier. The crash test on the 36-in. tall barrier met all MASH 
test designation no. 4-12 evaluation criteria. TTI researchers acknowledged that 
performing the verification only on a single-slope system without additional testing on a 
New Jersey or F-Shape barrier, there may be disagreement in the roadside safety 
community over the minimum height due to vehicle climb in the application of the latter. 
However, previous MASH crash tests have not exhibited significant SUT climb due to toe 
interaction in the safety shapes. Therefore, to meet stability requirements for MASH TL-4 




The primary concerns related to the overall geometry and traffic face shape of a 
barrier are propensities for vehicle climb and occupant compartment deformation. It has 
been observed that the greatest effects of these criteria occur in the passenger car and 
pickup truck tests, MASH test designation nos. 10 and 11. Therefore, traffic face shapes 
were evaluated based on crash testing performed according to the guidelines of these tests.  
3.3.1 Vertical Barriers 
Two MASH test designation no. 3-10 tests have been conducted on vertical 
barriers, test nos. 130MASHC13-02 and H42BR-1. In test no. 130MASHC13-02, the 32-
in. tall system originally resulted in a lateral ridedown acceleration being greater than the 
maximum allowed under MASH [37]. However, Whitesel et al. attributed the unacceptable 
acceleration to the presence of a sidewalk. The initial impact with the sidewalk reduced the 
flail space of the occupant which provided less space for passenger movement when the 
car impacted the vertical barrier. Therefore, the acceleration was corrected, and the system 
was deemed adequate for MASH test designation no. 3-10. In addition, unprotected 
sidewalks are only applicable for use in TL-2 applications. In test no. H42BR-1, the 42-in. 
vertical barrier system with minor asperities adequately met all safety requirements of 
MASH test designation no. 3-10 [26].  
The TxDOT T222 Bridge Rail was crash tested to MASH test designation no. 3-
11, test no. 490024-2-1. The vertical traffic face test article, designed for used in retrofit 
situations, adequately contained and redirected the pickup truck test vehicle according to 
MASH [47]. Additionally, a 42-in. tall vertical barrier was recently tested to MASH test 
designation no. 3-11 under test no. H42BR-2. The 2270P vehicle impacted the barrier and 
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was successfully redirected according to all applicable evaluation criteria established in 
MASH. 
Therefore, permanent concrete barriers possessing a vertical traffic face profile 
were assessed to be crashworthy to MASH TL-3 and TL-4 provided all other evaluation 
criteria were met. 
3.3.2 New Jersey Barriers 
New Jersey Safety Shape barriers traffic face typically consist of a 3-in. tall toe, a 
10-in. tall section at 35 degrees from vertical, and a 6-degree section culminating the top 
of the barrier, Figure 16. New Jersey sections possessing a height of 32-in. have been 
successfully crash tested to MASH test designation nos. 3-10 and 3-11 under test nos. 
2214NJ-1 and 476460-1-4. Barriers having the New Jersey shape traffic face have been 
observed to induce the greatest vehicle climb in all typical face profiles. Therefore, since 
crash testing of New Jersey barriers has only been successfully conducted on barriers of 
32-in. or greater height, the height of these traffic face profiles should be limited to a height 
of 32 in. regardless of the other TL-3 face shapes performing acceptably at a height of 30 
in. 
Therefore, permanent concrete barriers possessing a New Jersey traffic face profile 
were assessed to be crashworthy to MASH TL-3 and TL-4 provided all other evaluation 





Figure 16. Typical New Jersey and F-Shape Traffic Face Geometry 
3.3.3 F-Shape Barriers 
They typical F-Shape barrier traffic face is similar to that of the New Jersey Safety 
Shape. In the F-Shape, the 10-in. 35-degree section is replaced with a 7 in. section of the 
same angularity, as shown in Figure 16. Additionally, the transition between the 35 degree 
and 6-degree section is filleted. Only a single MASH crash test has been performed on a 
permanent F-shape barrier. The 32-in. tall barrier was tested to MASH test designation no. 
3-11 under crash test no. 469467-5-1. Testing resulted in the barrier adequately containing 
and redirecting the 2270P test vehicle with all occupant risk criteria falling within the limits 
of MASH 2016.  
Unfortunately, a MASH test designation no. 3-10 crash test has not been performed 
on an F-shape barrier. Due to only a single passenger vehicle crash test having been 
performed on F-Shape barriers, further justification for MASH crashworthiness was 
required for an F-shape profile to be deemed acceptable for MASH TL-3 and TL-4 crash 
tests. The F-shape is considered less critical than the New Jersey Shape, and was developed 
to combat excessive vehicle climb which had been in observed crash tests on the New 
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Jersey traffic face profile. This is accomplished through the 3-in. reduction of the 35-degree 
section, which prevents the wheel of a test vehicle to further travel up the section. In 
addition, the face shape of the F-shape produces less occupant risk as the contoured shape 
creates less impulse than a vertical barrier. Since the New Jersey Shape and Vertical 
barriers are believed to satisfy the evaluation criteria of MASH, so too was the F-Shape.  
Therefore, permanent concrete barriers possessing a F-shape traffic face profile 
were assessed to be crashworthy to MASH TL-3 and TL-4 provided all other evaluation 
criteria were met. 
3.3.4 Single-Slope Barriers 
Single-slope barriers have been successfully crash tested to MASH test designation 
nos. 3-10 and 3-11 once and three times, respectively, in test nos. 140MASH3C16-04, 
OSSB-1, 420020-3, and 405160-13-1. The shallowest face angle tested was 11-degrees in 
test no. 420020-3 in which the 2270P test vehicle was successfully contained and 
redirected. Although an 11-degree single-slope barrier has not been tested under MASH 
test designation no. 3-10, it is believed to be crashworthy to MASH test designation no. 3-
10 based on observations for successfully crash tested New Jersey and Vertical shape 
barriers (see Sections 3.3.1 and 3.3.2). New Jersey Shapes have been observed to cause the 
greatest vehicle climb of all the traffic face shapes. Additionally, the greatest compartment 
deformations have been observed in vertical barriers due to the increased impulse induced 
by the vertical traffic face. Therefore, since successful MASH test designation no. 3-10 
crash test has been performed on New Jersey and Vertical barriers, it is believed that 11-
degree and steeper single-slope barriers would possess crashworthy traffic-face profiles. 
Note, shallower face slopes may be acceptable to MASH, but as the profile becomes 
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shallower there may be an increased risk of vehicle climb up the barrier. Therefore, barriers 
with a face slope shallower than 11-degrees could not be justified to MASH TL-3 or TL-
4. 
Therefore, permanent concrete barriers possessing a single-slope traffic-face 
profile were assessed to be crashworthy to MASH TL-3 and TL-4 provided all other 
evaluation criteria were met. 
3.4 Strength and Anchorage 
Permanent concrete barrier systems must provide adequate strength and anchorage 
to adequately contain and redirect vehicles. Failure to provide sufficient strength and 
anchorage could result in a vehicle passing through a barrier, resulting to increased risk to 
other motorists on the roadway, or in unpredictable vehicle dynamics posing unacceptable 
risk to the impacting vehicle’s occupants or other traffic. Strength and anchorage limit 
states that could be computationally analyzed included yield line, punching shear, and 
geotechnical analyses.  
3.4.1 Computational Analysis of Strength 
Where applicable, barrier strength was calculated according to Yield-line theory as 
recommended in Section 13 of the AASHTO LRFD Bridge Design Specifications [4]. In 
addition, barriers were analyzed for resistance to punching shear as described within 
Section 5 of th AASHTO LRFD Bridge Design Specifications [4]. Where computational 
analysis was deemed insufficient or did not provide conclusive results, the barrier was then 
compared to crash tests contained within the database to determine if it had similar details 




3.4.1.1 Yield-Line Analysis of Solid Concrete Barriers 
As has been documented, significant research has been directed towards 
quantifying updated design forces as well as identifying effective heights for TL-3 and TL-
4 impacts on concrete barriers [5-7]. Using the information gathered in those research 
efforts, criteria were developed to computationally analyze the strength of the concrete 
barriers. The researchers determined that the impact force increases as the height of the 
barrier is increased. The developed strength criteria reflected this observation and led to 
the recommendation of design impact forces shown in Table 11 [5-7]. Table 11 also 
displays the effect height of each force above the driving surface that corresponds to each 
impact force. 
 










TL-3 ≥30 70[5] 24[5] 
TL-4 
36 70[5] 25[5] 
>36 80[6] 30[5] 
 
The AASHTO LRFD Bridge Design Specifications gives the derived equations, 
Equation 3 and Equation 4, to evaluate the strength of concrete barriers via yield line 
analysis. These equations were derived in accordance with Figures 17 and 18 for impacts 
within and near the end section of a wall segment, respectively.  
The yield-line analysis is performed through the equilibrim of the internal and 
external work done to the system. The variables required to perform this analysis are the 
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longitudinal distribution of the impact force in ft (Lt), the longitudinal critical length in ft 
(Lc), the total wall and beam flexural strength about a vertical axis in kip-ft (Mb and Mw), 
the cantilever flexural strength per ft about a horizontal axis in kip-ft/ft (Mc), and the height 
of the barrier in ft (H). The longitudinal crticial length can be determed from Section 13 of 
the AASHTO LRFD Bridge Design Specifications [4]. 









Figure 17. Yield-Line Analysis of Impacts Away from Ends of Wall Segments [4] 











Figure 18. Yield-Line Analysis of Impacts near Ends of Wall Segments [4] 
The strength equations provided by AASHTO assume the load is applied along the 
top edge of the barrier. Yield-line analyses can be modified to remove unnecessary 
conservativism by deriving the strength based on the effective height in ft (He) of the 
transverse force as given in Table 11. The derivation yields Equations 5 and 6, which were 
used in all subsequent yield-line calculations. Barriers possessing a maximum impact force 
resistance in kip (Rw), as determined by Yield-Line Theory, greater than the design impact 
forces in kips (Ft) listed in Table 11 were assessed to be crashworthy to the applicable 
MASH test level provided all other criteria were met. 






















3.4.1.2 AASHTO Punching Shear Analysis of Permanent Concrete 
Barriers 
In addition to yield line, barriers were also analyzed for strength against punching 
shear failure. Calculations for punching shear strength were performed according to the 
requirements of Section 5 of the AASHTO LRFD Bridge Design Specifications [4]. The 
nominal punching shear resistance of concrete (Vn) was computed using the concrete 
compressive strength (f’c), concrete density modification factor (λ) critical perimeter (bo), 
and the transverse depth of the barrier (df) according to Equation 7. AASHTO also provides 
provisions for reducing the two-way shear strength of a section according to the ratio of 
the dimensions of the loaded section. However, this methodology was not utilized in the 
evaluations contained within since the distribution of the impact load as it pertains to 
punching shear is idealized as a distributed linear load acting at the effective height of the 
barrier. 
𝑉 0.125𝜆 𝑓 𝑏 𝑑  (7)
Idealizing the equation for application on barriers, the transverse depth in the 
punching shear equation, which varies over the height in most barrier applications, was 
split into separate depths according to Figure 19. The critical perimeter was calculated by 
determining the lengths of the failure plane as shown in Figures 20 and 21 for interior and 
end sections, respectively. Additionally, due to the varying transverse depth, the top width 
in in. (d’) of the barrier was conservatively used as the depth to develop the bottom 
thickness dimensions of the critical perimeter in in. (dbot). The barrier thickness at the 
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effective height in in. (dt) was also determined in this manner. Consistent with the yield 
line equations the height of the barrier in in. (H), the effective height of the impact in in. 
(He), and the longitudinal distribution in in. of the impact force (Lt) utilize the same 
headings but in different units. Using these geometric idealizations and substituting them 
into the general punching shear equation yielded Equations 8 and 9 for the two-way 
concrete shear strength at interior and end sections. Equations 8 and 9 were used to 
determine the nominal impact strength in kips of the barrier (Vn). Note, Figures 19 through 
21 are shown for single-slope and vertical barrier profiles, but the equations are applicable 
to other barrier types. Also, it is important to calculate the punching shear strength in units 
of ksi, as AASHTO LRFD Bridge Design Specifications [4] derive there equations in this 
manner. 
 
Figure 19. Punching Shear Cross Section
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For impacts within wall segment: 





Figure 20. Punching Shear at Interior Sections 
For impacts at end of wall or at joint: 
𝑉 0.125𝜆 𝑓 𝑑 𝐿 𝑑′
1
2





Figure 21. Punching Shear at End Sections 
Permanent concrete barriers generally do not include transverse reinforcing, and 
therefore only concrete resistance is considered. AASHTO 5.5.4.2 specifies a resistance 
factor (𝜙) of 0.9 to be utilized in shear applications causing the factored punching 
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resistance to take the form of Equation 10. The result of Equation 10 must provide a greater 
resistance value than the published design impact loads (Ft) determined by NCHRP 22-
20(02) for the respective MASH test level in Table 11. 
𝜙𝑉 0.9𝑉  (10)
3.4.2 Computational Analysis of Anchorage 
Barriers anchored to a sizable concrete slab or deck with adequately developed 
reinforcing or dowel bars can reasonably be evaluated using yield line analysis. In instances 
where the anchorage could not be adequately developed for consideration in a yield line 
analysis further investigation was required. Common scenarios of inadequate anchorage 
included barriers with moment slabs and footings. Static design guidelines for moment 
slabs above MSE walls have been proposed within in NCHRP 22(20)-02 [5]. These design 
guidelines were utilized, and the methodology modified to apply to other types of 
structurally independent foundations. 
A high variability in rebar anchorage systems have been crash tested to MASH test 
designation nos. 3-11 and 4-12, which are believed to produce the maximum anchorage 
stresses for TL-3 and TL-4 crashes, respectively. Typical tested anchorage systems found 
in the literature review included: stirrups of varying shape; size and spacing; continuation 
of vertical reinforcement; retrofit epoxied rebar; and through-deck bolted connections. 
Where vertical reinforcement was provided in tandem with rebar anchorage to a concrete 
deck or slab, the anchorage was computationally analyzed as part of the yield-line analysis 
for strength as documented in Section 3.4.1.  
Yield-line theory for concrete plates requires reinforcing in two directions to 
provide plastic moment capacity along yield lines. The plastic moments provide internal 
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work to balance against external work from applied loads. Therefore, systems with rebar 
anchorages only at the base and lacking vertical reinforcement continuing along the height 
of the barrier could not be analyzed using typical yield-line theory. These barrier systems 
were only assessed by direct comparison to database crash tests. 
3.4.3 Direct Comparison of Strength and Anchorage 
Where conventional yield-line analysis and punching shear calculations could not 
be determined due to the specific anchorage or reinforcement barrier details, a direct 
comparison of section dimensions and reinforcement details was performed between 
survey responses and MASH crashworthy systems or applicable FE simulations. The 
barriers were compared to the appropriate tested systems accumulated in the crash testing 
database and literature review. The comparison aimed to identify those systems which have 
the same or less critical details to current MASH crashworthy barriers. The identified 
systems were then justified to possess the necessary strength to withstand impacts 
correlating at the test level to which they were being evaluated. A list of applicable MASH 
crash tests on permanent concrete barriers is provided in Table 12 and 13.
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OSSB-1 [27] TL-3 11 Single-slope 42 Pass 
2214NJ-1 [40] TL-3 10 NJ 32 Pass 
2214NJ-2 [41] TL-4 12 NJ 32 Rollover 
140MASH3C16-04 [28] TL-3 10 Single-slope 36 Pass 
130MASH3C13-02 [37] TL-3 10 Vertical 32 Ridedown Accel. 
130MASH3P13-01 [37] TL-3 11 Vertical 32 Pass 
110MASH2C14-01 [37] TL-2 10 Vertical 32 Pass 
420020-9b [6] TL-4 12 Single-slope 36 Pass 
469467-1-1 [29] TL-4 12 Vertical 36 Pass 
469467-3-1 [29] TL-4 12 Single-slope 42 Pass 
469467-5-1 [29] TL-3 11 F-shape 32 Pass 
401761-SBG1 [42] TL-5 12 NJ 42 Pass 
490027-2-1 [31] TL-4 12 Single-slope 42 Pass 
MAN-1 [32] TL-5 12 Single-slope 49¼ Pass 




420020-3 [6] TL-3 11 Single-slope 36 Pass 
490024-2-1 [38] TL-3 11 Vertical 32¾ Pass 












476460-1b [43] TL-4 12 NJ 32 Overode/Rollover
476460-1-4 [43] TL-3 11 NJ 32 Pass 
475350-1 [39] TL-3 11 Vertical 32 Pass 
607451-1 [44] TL-4 12 Combination 44 Pass 
607451-2 [44] TL-4 11 Combination 44 Pass 
607451-3 [44] TL-4 10 Combination 44 Pass 
469468-2-1 [34] TL-5 12 Combination 42 Pass 
469468-6-1 [34] TL-4 12 Single-slope 42 Pass 
405160-13-1 [35] TL-3 11 Single-slope 32 Pass 
1Average Height of Height Transition Section
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4CBR-1 [36] TL-4 12 Single-slope 36 Pass 
510602-EWP1 [12] TL-4 12 Single-slope 36 Pass 
H34BR-1 [25] TL-3 10 Aesthetic 34 Pass 
H34BR-2 [25] TL-3 11 Aesthetic 34 Pass 
469689-3-3 [9] TL-4 12 Single-slope 36 Pass 
610221-01-1 [30] TL-4 12 Single-slope 41 Pass 
469689-2-1 [45] TL-3 20 Transition 371 Pass 
469689-2-2 [45] TL-3 21 Transition 371 Pass 
H42BR-1 [26] TL-3 10 Aesthetic 42 Pass 
H42BR-2 [26] TL-3 11 Aesthetic 42 Pass 
1Average Height of Height Transition Section 
3.4.3.1 Asphalt Keyways 
Asphalt keyway anchorage systems have been independently tested to MASH test 
designations nos. 3-11 and 4-12. Both systems performed acceptably to the evaluation 
criteria outlined in MASH. Although successful crash tests utilizing asphalt keyways for 
anchorage have been documented, the mechanical interaction of keyways with barriers is 
not clearly understood. It is believed that much of the impact resisting properties of these 
systems lies in the overturning stability and large mass of the total barrier sections rather 
than the keyway. Due to simple statics, the overturning stability of the barrier can be 
significantly affected by the base width of the cross section, and the mass can be taken as 
a function of the unjointed length and the dimensions of the cross section.  
Test no. OSSB-1 included a crash test on a single-slope barrier with a 1-in. deep 
asphalt keyway anchorage system. The barrier successfully met all evaluation criteria 
outlined in MASH for test designation no. 3-11. Test no. 469467-3-1 included a crash test 
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on a single-slope barrier with a 1-in. deep asphalt keyway anchorage system. The barrier 
successfully met all evaluation criteria outlined in MASH for test designation no. 4-12. The 
essential dimensions of each crash test for analysis of the asphalt keyway anchorage system 
are recorded in Table 14. 







Keyway Depth 1 in. 1 in. 
Keyway Width 8 ft 9 ft 
Base Width 28 3/8 in. 24 in. 
Top Width 12 in. 8 in. 








Unreinforced D9.4 WWR 
Section Weight 874 plf 677 plf 
Overturning 
Stability 
1.03 k-ft/ft 0.677 k-ft/ft 
Overturning 
Demand 
140 kip-ft 200 kip-ft 
 
The section weight as displayed in Table 14 was determined by calculating the 
cross-sectional area of the barrier (Ac) and multiplying by the density of concrete, taken as 
145 lb/ft3, as shown in Equation 11. 




The overturning stability per foot of barrier length, as displayed in Table 14, was 
determined by calculating the static overturning moment of the barrier section, assuming 
no anchorage, and rotation around the base where it meets the non-traffic face. It was 
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calculated according to Equation 12 where the moment arm is taken as the horizontal 
distance between the center of gravity of the barrier and the point of assumed rotation (yc). 
𝑂𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔 𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑊𝑒𝑖𝑔ℎ𝑡 𝑦  (12)
The overturning demand as displayed in Table 14 was determined by calculating 
the moment produced by design impact forces (Ft) acting at the effective height (He) from 
Table 11 for the highest MASH Test Level to which the barrier could be evaluated due to 
height requirements. This process was executed according to Equation 13. 
𝑂𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑 𝐹 𝐻  (13)
A static assessment would predict unstable performance and barrier rotation during 
a crash event. However, the short duration pulse from an impacting vehicle resulted in 
adequate performance for each of the barriers in full-scale tests. Based on the limited 
amount of crash testing available and the lack of current analysis methods, the dimensions 
presented in Table 14 were used when evaluating the crashworthiness of permanent 
concrete barrier systems. In order to be considered for MASH crashworthiness a barrier 
must have had similar or less critical details and dimensions to those presented in Table 
14. 
3.4.3.2 Moment Slab Anchorage 
Direct comparisons for moment slabs were based on FE simulations [9] and crash 
testing performed in test nos. 475350-1 [39], 510602-EWP1 [12] and 469689-3-3 [9]. 




















TL-4 FE1 36 in. 36 in. 8 in. 50 ft None 8 in. N 
TL-4 FE/CT1,2 36 in. 60 in. 12 in. 20 ft None 12 in. N 
TL-4 CT2 36 in. 96 in. 18 in.5 8 ft 30 in. N/A N4 
TL-3 CT2 32 in. 48 in.4 15 in. 30 ft – 1 in. 9 in. N/A Y4 
1FE: Finite Element Analysis
2CT: Crash Test 
3Measure from traffic face of coping section 
4Denotes resting on Mechanically Stabilized Earth Wall (MSE) 
5GRAVIX® Barrier details small trapezoidal (9 ½ in. and 39 in.) moment slab with keys abutting 
MSE Wall 
 
For a barrier moment slab system to be crashworthy to MASH 2016 by direct 
comparison, it must have had similar or less critical details to the simulations and crash 
tests presented in Table 15. Additionally, crashworthy evaluations must have met all other 
evaluation criteria documented herein. 
3.4.3.3 Footings 
The direct comparison of footing anchorages was based on FE simulations [9] and 
a single crash test, 401560-13-1 [35]. The footing systems in these simulations and crash 




















TL-4 FE1 36 in. 19 in. 33 in. 30 ft 1V:2H 1 ft 
TL-4 FE1 36 in. 18 in. 27 in. 50 ft N/A N/A 
TL-4 FE1 36 in. 13 in. 10 in. 50 ft N/A N/A 
TL-3 CT2 32 in. 24 in.3 10 in. 20 ft 1.5V:2H 2 ft 
1FE: Finite Element Analysis 
2CT: Crash Test 
3Base width is battered and follows slope of barrier 
 
For a barrier footing system to be crashworthy to MASH 2016 by direct comparison 
it must have had similar or less critical details to the simulations and crash tests presented 
in Table 16. Additionally, crashworthy evaluations must have met all other applicable 
evaluation criteria. 
3.4.3.4 Combination Anchorages 
Combination anchorages feature two or more anchorage types. Analysis methods 
for these anchorages have yet to be developed and thus could only be deemed MASH 
crashworthy if a similar crash test had already been conducted or if one of the anchorages 
provided enough resistance by itself as evidenced by crash testing or computational 
analysis. 
3.4.3.5 Dowel and Rebar Anchorages with No Vertical Reinforcement 
As previously mentioned, dowel bars and rebar anchorage may be analyzed through 
yield-line theory when accompanied by vertical reinforcement and anchored within a 
significant concrete slab or bridge deck. When the applications featured dowel bar or rebar 
anchorage without providing vertical reinforcement, direct comparison was the only option 
to determine crashworthiness to MASH. Unfortunately, only a single MASH crash test has 
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been performed on a barrier featuring only longitudinal reinforcement, test no. 
140MASH3C16-04 [28]. In test no. 140MASH3C16-04, a 1100C passenger car test 
vehicle was successfully crash tested to MASH test designation no. 3-10. The barrier was 
anchored at its ends by a monolithic 24-in. by 10-in. by 10-ft footing. No interior anchorage 
or interior vertical reinforcement was provided, and the barrier was longitudinally 
reinforced by four rows of two No. 5 reinforcing bars. 
The lack of vertical reinforcement and interior anchorage in this testing provides 
some evidence that barriers containing minimal or no anchorage and vertical reinforcement 
may likely be crashworthy to MASH. However, the testing was only performed at MASH 
test designation no. 3-10, the lowest impact severity of the tests in this study. For further 
implementation to occur with these reinforcement and anchorage details, more critical 
crash testing would be required. No crash testing of such barriers yet exists, and therefore 
barriers lacking vertical reinforcement with these anchorages could not be justified to 
MASH 2016. 
3.5 Summary of Evaluation Criteria 
3.5.1 Stability Evaluation Criteria 
Evaluations for stability were performed by comparing the height of a barrier 
section according to the requirements provided in Table 17.
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Table 17. Stability Evaluation Criteria 
MASH Test 
Level 









TL-4 All Types ≥36 
 
3.5.2 Shape Evaluation Criteria 
The shape evaluation criteria was strictly based on previous crash testing as 
discussed in Section 3.3. Barriers featuring a Single-slope, Vertical, New Jersey, or F-shape 
were deemed crashworthy if they had met the applicable stability requirements as shown 
in Table 17. These four traffic-face profiles were typical of the barriers submitted. Barrier 
traffic face shapes not featuring characteristics of one of these four types were also 
considered on an individual basis. 
3.5.3 Strength and Anchorage Evaluation Criteria 
Strength and anchorage were first assessed utilizing the computational methods as 
described in Section 3.4 and comparing to the design impact forces as presented in Table 
18. A barrier must possess strength greater than the design impact force for the applicable 
MASH Test Level in order to satisfy strength and anchorage criteria. If a barrier was 
inconclusive or could not be analyzed for strength and anchorage based on the 
computational methods, it was then subjected to the direct comparison methods as 
described in Section 3.4. 
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 Ft (kip) 








4 SUMMARY OF BARRIER EVALUATIONS 
4.1 Barrier Evaluation Results 
Barrier evaluations were conducted to MASH TL-3 and TL-4 for 85 different 
permanent concrete barrier variations. A summary of the results for all the permanent 
concrete barrier variations is displayed in Table 19 through 21. In total, 66 and 27 
permanent concrete barrier systems were assessed as crashworthy to MASH TL-3 and 
MASH TL-4, respectively. Out of the 85 barrier variations, 21 barriers were deemed to 
have failed MASH TL-4 because they did not meet the stability requirements for MASH 
TL-4. Out of the 21 barriers that failed MASH TL-4 due to stability, 10 of the barriers were 
deemed crashworthy to MASH TL-3. Barrier systems deemed inconclusive to either 
MASH Test Level could not confidently be deemed crashworthy according to the 
methodology described herein. However, systems deemed inconclusive may indeed be 
crashworthy and could be revisited and reclassified with additional crash test results for 
similar systems. A bar chart of the number of passing, inconclusive, and failing permanent 
concrete barriers based on MASH test level are presented in Figure 22. Note, a barrier was 
only noted to have failed if it did not meet the stability requirements for TL-4. No barriers 




Table 19. Barrier Evaluation Results 











32 SS P F 
Type 732B 32 SS P F 
Type 732SW 41 V P P 
FL 
Curb and Gutter 
Appendix B 
38 SS P P 
Shoulder 38 SS P P 
Shoulder 44 SS P P 
Shoulder Front-Flush 44 SS P P 




42 SS I I 
Type 3-SA/SB 42 SS I I 
IL 
Double Face, PCC Base 
Appendix D 
44 SS P I 
Double Face, PCC Base 
with Keyway 
44 SS I I 
Double Face, Earthen 
Keyway 
44 SS P I 
Double Face, Asphalt 
Keyway 
44 SS P I 
Double Face, Staggered 
Bars 
44 SS P I 
Double Face, Bars and 
Bond Breaker 
44 SS I I 
Constant Slope Concrete 
Parapet 
39 SS P P 
Constant Slope Concrete 
Parapet 




33 F P F 
Type FT 43 F P P 




54 F P P 




32 F I F 




36 SS P I 
Type 42A 42 SS P I 
Type 54A 54 SS P I 
P = Pass, I = Inconclusive, F = Fail 
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Table 20. Barrier Evaluation Results, Continued 









Type C, Dowels 
Appendix I 
42 SS P I 
Type C, Asphalt Keyway 42 SS P I 
Type C, Rebar 42 SS P I 
NE 
Median Barrier, Top 
Removed Appendix J 
34 A P F 
Median Barrier 42 A P P 
NJ 
Barrier Curb, 34 
Appendix K 
34 NJ P F 
Concrete Median 32 NJ I F 
Split Median 32 NJ I F 
Barrier Curb, Existing 
Surface 
32 NJ I F 




32 NJ P F 
Type IV 32 NJ I F 
Single-Slope 42 SS P P 
Single-Slope 48 SS P P 
Single-Slope 52 SS P P 
OH 
Type B, Asphalt Keyway
Appendix M
42 SS P I 
Type B, Concrete 
Keyway 
42 SS P I 
Type B, Dowel Bar 42 SS P I 
Type B1, Asphalt 
Keyway 
57 SS P I 
Type B1, Concrete 
Keyway 
57 SS P I 
Type B1, Dowel Bar 57 SS P I 
Type D, Asphalt Keyway 42 SS I I 
Type D, Dowel Bars 42 SS P I 
SC 
Type 36SS, Asphalt 
Keyway 
Appendix N 
36 SS P P 
Type 36SS, End Anchor 36 SS I I 
Type 36SS, Cont. 
Footing 
36 SS P P 
Type 36SS, Rebar 36 SS P P 
Type 46SS, Asphalt 
Keyway 
46 SS P P 
Type 46SS, End Anchor  46 SS I I 
P = Pass, I = Inconclusive, F = Fail 
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Table 21. Barrier Evaluation Results, Continued 









Type 46SS, Cont. 
Footing 
Appendix N 
46 SS P P 
Type 46SS, Rebar 46 SS P P 
Type 56SS, Asphalt 
Keyway 
56 SS P P 
Type 56SS, End Anchor  56 SS I I 
Type 56SS, Cont. 
Footing 
56 SS P P 
Type 56SS, Rebar 56 SS P P 




42 SS P I 
Half Constant Slope 42 SS P I 
Constant Slope Median 54 SS P I 
VA 
F-Shape Median, Dowel 
Appendix Q 
32 F I F 
F-Shape Median, 
Monolithic 
32 F I F 
F-Shape Half Section, 
Dowel 
32 F I F 
F-Shape Half Section, 
Monolithic 




32 SS P F 
Type S32 on Bridge 32 SS P F 
Type S36 36 SS P I 
Type S36 on Bridge 36 SS P P 
Type S42 42 SS P I 
Type S42 on Bridge 42 SS P I 
Type S56 56 SS P I 
Type S56 on Bridge 56 SS P I 
WY 
Shoulder Barrier, Dowel 
Appendix S 
42 SS P I 
Shoulder Barrier, 
Concrete 
42 SS P I 
Shoulder Barrier, 
Monolithic 
42 SS P I 
Median Barrier, Dowel 42 SS P P 
Median Barrier, 
Concrete 
42 SS P P 
Median Barrier, 
Monolithic 
42 SS P P 




Figure 22. Number of Passing, Inconclusive and Failing Barriers by MASH Test Level 
 
























5 DESIGN STRENGTH ANALYSIS 
5.1 Strength Analysis 
After the completion of the permanent concrete barrier evaluations, the calculated 
yield-line theory and punching shear strengths were compiled and analyzed to better 
understand the performance of the current DOT Standards to these requirements. The 
results in each case were plotted against the required strength in each scenario. 
5.1.1 Yield-Line Theory Strength 
After evaluations for all the barriers was completed, all results from the yield-line 
analyses were compiled and organized into interior and end section subsets. The results 
were also filtered to two ranges of barrier heights: less than 36 in. and greater than or equal 
to 36 in. These ranges were selected based on the stability requirement of 36 in. for MASH 
TL-4. The barriers were then plotted based on cantilever wall flexural strength (Mc) versus 
the wall flexural strength (Mw) in Figure 23 through 26. These plots also contain design 
curves for required combinations of Mc and Mw for various heights of barriers based on the 
necessary design impact forces as displayed in Table 18.  
Note that not all barriers submitted were provided with details for end sections. 
Those barriers that did not explicitly describe an end section were analyzed at the end 
sections utilizing the same details as the interior sections in the previously provided 
summary of barrier evaluations. However, the barriers that were not provided with details 
for an end section were not included in this analysis of the end sections to the design 




Figure 23. Yield Line Analysis of Interior Sections Assessed to MASH TL-3 
 













































Figure 25. Yield Line Analysis of Interior Sections Assessed to MASH TL-4 
 
Figure 26. Yield Line Ananlysis of End Sections Assessed to MASH TL-4 
Only a select few of the evaluated permanent concrete barriers that could be 
computationally analyzed utilizing yield-line theory were shown not to have the adequate 
strength to resist impacts to the respective MASH test level. The majority of the barriers 
evaluated in this manner, as seen in Figure 23 throug 26, displayed strengths much greater 















































significant overdesign is common across the design standards of almost all states. Designs 
modifications with more optimized details could lead to cost savings of the barriers by 
reducing reinforcement. Some states have standards for unreinforced barriers and testing 
conducted to MASH TL-3 on an unreinforced barrier in test no. OSSB-1 suggests favorable 
performance despite lack of reinforcement. However, the understanding of the impact 
behavior of resistance is largely unknown and little to no evaluation methods exist for these 
types of barriers short of conducting crash testing. Recent efforts have been made to create 
a more optimized design for a MASH TL-4 concrete post-and-beam barrier [48] and similar 
studies could produce optimized designs for other permanent concrete barriers. 
5.1.2 Punching Shear Strength 
Results from the punching shear computational analyses for all barriers were 
compiled and sorted based on interior and end section results. These results are shown in 
Figure 27 and 28 and display that all the tested barriers met the strength requirements for 
puching shear. The design punching shear limits as shown in Table 18 are represented by 




























Figure 27. Interior Section Punching Shear Strength Results 
 
Figure 28. End Section Punching Shear Strength Results 
Generally, the barriers were calculated to have punching shear strengths at least 30 
kips greater than required. Half sections were observed to be 292 percent and 230 percent 
overdesigned for interior and end sections, respectively. Median sections were observed to 
be 447 percent and 350 percent overdesigned for interior and end sections, respectively. 
This shows that punching shear was generally not a critical failure mode. However, 
punching shear failures have been observed in physical tests, particularly for safety shapes, 
and so this limit state should be afforded due consideration in barrier strength evaluations. 
Additionally, the data shows in general the half section barriers possess a reduced 
puching shear strength in comparison to the median barriers. This result is to be expected 
because the punching shear strength is based solely on the concrete strength of the barrier 
per AASHTO guidance, and concrete strength is directly correlated to the thickness of the 


























barriers, it is expected that they would exhibit greater punching shear strength. Also, it 
appears from the data that because of their reduced strength, the half-section barriers are 
more susceptible for punching shear. Therefore, it is more critical that these barriers be 
checked for punching shear failures. 
The data also shows that end sections have a reduced punching shear strength when 
compared to interior sections. This finding was also expected due to only a two-plane 
critical perimeter at end section calculations versus a three-plane critical perimeter for 
interior sections. Therefore, punching shear strength of end sections is more critical than 
that of interior sections. 
Additionally, it appears that as the height of a barrier increases beyond 36 in. the 
punching shear strength also increases. This is likely due to the effective height of the 
impact being taken as 30 in. for all barriers taller than 36 in. The assumed impact is taken 
as a line load over the effective width, and so the vertical sides of the critical perimeter for 
calculating punching shear strength are assumed to continue to the top of the wall.  
5.1.2.1 Top-Down Punching Shear Approach 
Based on the observed design overstrength as discussed in Section 5.1.2 an alternate 
punching shear analysis was explored. The premise of the alternate investigation was based 
on the vertical distribution of a forces during a MASH TL-4 impact reported from 
simulations as part of NCHRP Report 22-20(2) [5]. The vertical distribution of impact 
forces on a 42 in. barrier was recreated from that report using a plot digitzer and is displayed 




Figure 29. Vertical Distribution of Impact Forces on a 42 in. Vertical Barrier [5] 
The load distribution extends deeper along the height than the effective height, He. 
However, the top of the barrier is expected to be the most critical in terms of punching 
shear failure susceptibility resulting from a minimal critical perimeter. Therefore, a top 
down punching shear approach was applied to investigate punching shear with a 
progressive sequence of increasing load patches and corresponding resisting breakout 
prisms. The analysis was performed by calculating the impacting forces for the top 6 and 
12 inches of a 42-in. barrier, which resulted in total applied loads of 18.7 kips and 33.6 
kips, respectively. Conservative approximations of 20 kips and 35 kips, respectively, were 
used in calculations. These loads were considered to be applied as area loads, rather than 
as a line load. The loaded area was defined as the longitudinal impact length (Lt) multiplied 
by either 6 in. or 12 in. of the barrier, as appropriate. A MASH TL-4 evaluation has a 























The investigation was conducted on the Missouri Department of Transportation 
Type C single-slope permanent concrete barrier as an example. The details of the Type C 
barrier can be viewed in Figure 30. The barrier is specified to be constructed with a 
minimum concrete compressive strength of 4 ksi and is 8 in. wide at the top of the barrier.  
 
Figure 30. Missouri DOT Type C Single-Slope Permanent Concrete Barrier Details [49] 
The punching shear strength of this barrier for the described area loads was 
determined to be 196 kips and 269 kips at interior sections and 167 kips and 220 kips at 
end sections for patch loads on 6 in. and 12 in. heights, respectively. The results from the 
punching shear analysis showed that the barrier still possessed punching shear resistance 
far greater than what would be needed to resist impacts. Therfore, the barrier would easily 
be expected to possess the resistance to punching shear for the reduced loads of 20 kips 
and 35 kips. The top thickness of the barrier would need be significantly reduced or a much 





6 FUTURE RESEARCH 
6.1 Unreinforced Barriers 
Many Pooled Fund members provided details for unreinforced permanent concrete 
barriers or barriers lacking vertical reinforcement. An unreinforced barrier was 
successfully crash tested to MASH test designation no. 3-11 in test no. OSSB-1, and a 
longitudinally reinforced barrier was successfully crash tested to MASH test designation 
no. 3-10 in test no. 140MASH3C16-04. Since the barrier in test no. 140MASH3C16-04 
was crash tested to the lowest impact severity of MASH TL-3, this test provided only 
limited justification for other, similar barriers. Unreinforced barriers are more critical than 
barriers longitudinally reinforced but lacking vertical reinforcement. Therefore, test no. 
OSSB-1 was sometimes used as a point of justification for other unreinforced barriers and 
those barriers lacking vertical reinforcement. 
Although some justifications could be made for permanent concrete barriers of 
these variations, much of the impact behavior and response is not well known. Therefore, 
further research should be conducted to better understand the crashworthiness of these 
systems. 
6.2 Asphalt Keyways 
Many agencies submitted details for an asphalt keyway to provide anchorage of a 
permanent concrete barrier. Asphalt keyways have been crash tested to MASH in test nos. 
OSSB-1, 469467-3-1. A shorter barrier segment length of the same barrier that was crash 
tested in test no. 469467-3-1 was also crash tested in test no. 610221-1-00-1. All three 
crash tests successfully satisified the evaluation criteria set forth in MASH. These tests 
were therefore used to provide justifications in the evaluation process for some barriers 
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having similar asphalt keyway details to the crash-tested systems. Impact resistance 
quantification for these types of anchorages is currently limited by available data. The data 
that does exist is promising and suggests appreciable benefits may be available to new 
design guidance and applications from studying the interaction between the keyway, 
barrier and foundation. 
6.3 Grade Seperated Median Barriers 
As described in Section 2.5, there exists some research on the evaluation of grade 
separated barriers based on geotechnical analysis and FE simulations. However, no MASH 
crash testing was discovered during the literature review. With a high percentage of 
agencies providing details of such configurations, it is important to understand the impact 
behavior of these variations. Further investigation and crash testing of these barriers is 
needed. 
6.4 Post-and-Beam Barriers 
No post-and-beam barriers were evaluated as a part of this project. However, 
current AASHTO guidance does provide provisions for assessment of these systems 
utilizing a plastic analysis for strength and the charts shown in Figures 8 and 9 to assess 
snagging potential. Some justifications for the continued use of these charts has been 
reported in NCHRP 20-07 (395). However, these charts are outdated and were originally 
created under the crash testing guidance and evaluation requirements of NCHRP 230. 
Therefore, due to changes in the vehicle fleet and testing criteria of MASH, updated 
guidance is needed. NCHRP Project 22-35 is currently underway and is expected to 
provide more information pertaining to this research need.  
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6.5 Textured and Aesthetic Barriers 
As discussed in Section 2.7 guidelines have been developed and compiled in 
NCHRP Report 554 for the texturing of vertical and single-slope barriers. However, these 
guidelines were developed utilizing crash test data conducted under NCHRP Report No. 
350. Previous reccomendations for texturing on aesthetic barriers require revisitation to 
determine crashworthiness to MASH due to the more severe impact conditions between 
MASH and NCHRP Report No. 350 described in Section 2.1. 
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7 SUMMARY AND CONCLUSIONS 
7.1 Summary 
A literature review was conducted to identify the differences in crash testing 
parameters and evaluation criteria between NCHRP Report No. 350 and MASH with 
respect to permanent concrete barriers. Additionally, current evaluation methods other than 
crash testing of permanent concrete barriers were analyzed and documented. A crash 
testing database was compiled containing 39 MASH crash tests conducted on permanent 
concrete barriers of varying shape, size, and anchorage. Sponsoring agencies were 
surveyed to acquire permanent concrete barrier standards. The survey responses were 
filtered, and a list was compiled to identify systems that conformed to the scope of this 
project. From the literature review and crash testing database, a methodology, and 
evaluation criteria based on a barrier’s height, shape, strength, and anchorage were 
determined, and 85 permanent concrete barrier variations were evaluated to MASH. The 
computational strength analyses were compared to required design strengths where 
feasible, or barriers were compared to successfully crash-tested systems where 
conventional analysis was not feasible, and future research needs were identified. 
7.2 Conclusions 
Totals of 39 and 27 barrier variations were deemed crashworthy according to 
MASH TL-3 and MASH TL-4, respectively. A review of actual versus required barrier 
computational strength revealed considerable overdesign for nearly all design standards 
evaluated in this study, suggesting that many state DOTs could revisit their current 
standards and realize cost savings in barrier construction. In some cases, states have 
adopted unreinforced barriers as a recognized option. An unreinforced barrier has been 
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proven crashworthy according to MASH TL-3 in test no. OSSB-1 [27]. However, a better 
general understanding and further investigation of unreinforced barrier behavior during 
impacts is needed. 
In a majority of instances, the evaluations of punching shear assuming a distributed 
impact load at the effective height far exceeded the required impact resistance required to 
satisfy the design impact loads. This led the research team to investigate an alternative 
method, which added further conservativeness to the analysis and led the research team to 
conclude that punching shear may not often be a critical limit state for most concrete 
barriers. 
Additionally, current evaluation methods and an understanding of the anchorage 
systems for permanent concrete barrriers was found to be considerably lacking. Many of 
the anchorage system details, including asphalt keyways, dowel bars, footings, and more, 
have only minimal supporting evidence in literature. However, the available data are 
promising and suggest that further investments to enhance understanding of these 
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MASH Equivalency of California DOT Type 732 Concrete Bridge Rail 
 
                 
Figure A-1. California DOT Type 732 Bridge Rail Details 
 The California DOT Type 732 bridge rail is a 32-in. tall reinforced concrete barrier. 
The bridge rail has an 8.9-degree single-slope front face with a 14-in. by 12-in. top beam. 
The barrier is vertically reinforced with two No. 5 vertical bars at 8-in. spacing and 
embedded into the deck. The parapet of the barrier below the upper beam is reinforced with 
six No. 5 longitudinal bars spaced evenly along both the front and back faces of the rail. 
The beam section is reinforced with four No. 5 longitudinal bars, and supported vertically 
by No. 5 stirrups spaced at 16 in. The barrier has an alternate 30-in. deep by 17-in. wide 
footing configuration. Design details for the Type 732 bridge railing are shown in Figure 
A-1. This barrier has not been crash tested to MASH 2016 criteria, but it was previously 
crash tested to NCHRP Report No. 350 TL-4 [1]  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [2]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[3]. Thus, the 32-in. tall Type 732 barrier has the required height to contain the pickup 
truck under MASH TL-3 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
3-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 3-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 3-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 3-11 crash tests, the MASH evaluation 




with a steeper 9.1-degree slope has been successfully tested to MASH test designation no. 
3-10 during test no. 140MASH3C16-04 [7]. Thus, the geometry of a 32-in. tall, single-
slope concrete barrier has demonstrated the ability to smoothly redirect both 1100C and 
2270P vehicles without causing instabilities, excessive vehicle deformations, or excessive 
vehicle decelerations.  
To analyze the Type 732 bridge rail for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table A-1 below. Note, the load into a TL-
3 barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type 732 bridge rail was determined to be 158 kips for 
interior sections and 82 kips for end sections adjacent to discontinuities (expansion gaps 
and joints).  
In addition, the Type 732 barrier was analyzed for strength through a punching 
shear analysis conducted in accordance with Section 5 of the AASHTO LRFD Bridge 
Design Specifications [8]. The analysis included the resistance due to concrete and vertical 
steel stirrups. The punching shear capacity of the barrier was at the interior and end sections 
was 246 kips and 191 kips, respectively. Therefore, the Type 732 bridge rail satisfies 
MASH TL-3 loading criteria for interior sections and at discontinuities. 
The Type 732B barrier utilizes an alternative concrete beam foundation. There does 
not currently exist any means of computationally analyzing this type of anchorage system. 
However, FE simulations and a single crash test, test no. 401560-13-1, have been 
performed on MASH TL-4 and TL-3 stand-alone concrete beam foundations, respectively 
[10-11]. The passing results of these studies and the comparison to the details of the Type 




















TL-4 FE1 36 in. 19 in. 33 in. 30 ft 1V:2H 1 ft 
TL-4 FE1 36 in. 18 in. 27 in. 50 ft N/A N/A 
TL-4 FE1 36 in. 13 in. 10 in. 50 ft N/A N/A 
TL-3 CT2 32 in. 24 in.3 10 in. 20 ft 1.5V:2H 2 ft 
California Type 732 B 
 32 in. 17 in. 30 in. Unspecified Unspecified 3 ft 
1FE denotes finite element analysis 
2CT denotes crash test 
3Base width is battered and follows slope of barrier 
 
The Type 732B shared similar details on two of the foundations, which both were 
determined to be crashworthy to MASH TL-4 during FE simulations.  However, one of the 
foundations was 2 in. wider and 3 in. taller, whereas Foundation B was 1 in. wider but 3 
in. shorter than the Type 732B barrier. Furthermore, stability requirements limited the 
evaluation for the Type 732B to MASH TL-3. Therefore, the slight variance in the design 
characteristics between the second foundation and the Type 732B was determined to have 
a negligible effect when being tested to MASH TL-3. Therefore, the Type 732B concrete 
beam foundation is believed to be in compliance with MASH TL-3 when a segment length 
of at least 50 ft is provided. 
Based on this evaluation of height, geometry, anchorage, and strength, the Type 







Table A-3. California Type 732 Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result














Strength ≥ 70 kips 
Yield 
Line 
Interior 158 kips 





End 82 kips End 
Punching 
Shear 
Interior 246 kips Punching 
Shear 
Interior
End 191 kips End 
Anchorage Reinforcement P Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 





Table A-4. California Type 732B Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result














Strength ≥ 70 kips 
Yield 
Line 
Interior 158 kips 





End 82 kips End 
Punching 
Shear 
Interior 246 kips Punching 
Shear 
Interior
End 191 kips End  
Anchorage Footing (50 ft Segment Length) P* Footing  N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of California DOT Type 732SW Bridge Rail 
 
 
Figure A-2. California DOT Type 732SW Bridge Rail Details 
 The California DOT Type 732SW is a 41-in. tall reinforced concrete bridge rail. 
The railing has a vertical traffic face. The barrier is vertically reinforced with No. 6 
reinforcing bars spaced at 8 in. and 16 in. on the traffic face and non-traffic face, 
respectively. Longitudinal reinforcement is provided to the railing by five rows of two No. 
5 reinforcing bars. Four of the longitudinal bars are cast in a 14-in. by 12-in. beam cast 
atop the parapet confined by No. 5 stirrups space at 16 in. Anchorage is provided by the 
vertical reinforcement being cast into the deck. Design details for the Type 732SW are 
shown in Figure A-2. Note, the barrier was evaluated with the sidewalk removed causing 
the barrier height to increase from the 32-in. shown dimension to 41-in. This railing has 
been crash tested with the sidewalk to MASH 2016 criteria, test nos. 130MASH3C13-02, 
130MASH3P13-01, and 110MASH2C14-01 [1], and successfully met MASH TL-3 
standards.   
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [2]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [3-4]. Thus, the 41-in. Type 732SW barrier with sidewalk removed has 





The vertical traffic face barrier geometry has been successfully MASH crash tested 
during impacts with the six passenger vehicles. In test nos. H34BR-1 and H34BR-2 a 34-
in. vertical barrier featuring minor asperities to the traffic face was successfully crash tested 
to MASH test designation nos. 4-10 and 4-11, respectively [5]. In test nos. 130MASHC13-
02 and 130MASH3P13-01, a 32-in. vertical concrete barrier with sidewalk was 
successfully crash tested to MASH test designation no. 4-10 and 4-11 [6]. In test no. 
490024-2-1, a 32¾-in. tall vertical concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 [7]. In test no. 475350-1, a 32 in. vertical concrete barrier with 
moment slab anchorage was successfully crash tested to MASH test designation no. 4-11 
[8]. Thus, the vertical traffic face geometry of a 41-in. tall vertical concrete barrier has 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type 732SW railing for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [9]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table A-5 below. Note, the load into a TL-
4 barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 
5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type 732SW was determined to be 217 kips for interior 
sections and 118 kips for end sections adjacent to discontinuities (expansion gaps and 
joints).  
In addition, the Type 732SW was analyzed for strength through a punching shear 
analysis conducted in accordance with guidance provided by Section 5 of AASHTO LRFD 
Bridge Design Specifications [9]. The punching shear capacity of the barrier was at the 
interior and end sections was 174 kips and 138 kips, respectively. Therefore, the Type II 
barrier satisfies MASH TL-4 loading criteria for interior and end sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the 
California Type 732SW Bridge Rail with removed sidewalk is believed to be crashworthy 




Table A-6. California Type 732SW Sidewalk Removed Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 217 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 217 kips 
P 
End 118 kips End 118 kips 
Punching 
Shear 
Interior 174 kips Punching 
Shear 
Interior 174 kips 
End 138 kips End 138 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Florida DOT 38-in. Curb and Gutter/Shoulder Concrete 
Barrier 
 
       
Figure B-1. Florida DOT 38 in. Curb and Gutter and Shoulder Barrier 
 The Florida DOT 38 in. Curb and Gutter and Shoulder Barrier is a 38-in. tall 
reinforced concrete barrier. The bridge rail has a 10.8-degree single-slope traffic face. The 
barrier is vertically reinforced with two No. 5 vertical bars at a critical spacing of 9-in. The 
vertical reinforcement is anchored into the curb and gutter or footing depending on the 
configuration. The parapet of the barrier is reinforced with ten No. 4 longitudinal bars 
spaced evenly along both the front and back faces of the rail at 8 in. Design details for the 
both configurations of the 38 in. barrier are shown in Figure B-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 38-in. Curb and Gutter and Shoulder barrier has the 
required height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. 10.8-degree 




4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. 11-degree single-slop 
concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 [6]. In 
all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation criteria 
was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 9.1-
degree slope has been successfully tested to MASH test designation no. 4-10 during test 
no. 140MASH3C16-04 [7]. Thus, the geometry of a 38-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the barrier for strength and anchorage capacity, a Yield Line analysis 
was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table B-1 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 
 Yield Line Analysis of the 38 in. barrier was determined to be 159 kips for interior 
sections and 120 kips for end sections adjacent to discontinuities (expansion gaps and 
joints).  
In addition, the barrier was analyzed for strength through a punching shear analysis 
conducted in accordance with Section 5 of the AASHTO LRFD Bridge Design 
Specifications [8]. The punching shear capacity of the barrier at interior and end sections 
was 151 kips and 126 kips, respectively. Therefore, the shoulder barrier satisfies MASH 
TL-4 loading criteria for interior sections and at discontinuities. 
The Florida Curb and Gutter and Shoulder barriers utilize a footing foundation. 
There does not currently exist any means of computationally analyzing this type of 
anchorage system. However, FE simulations and a single crash test, test no. 401560-13-1, 
have been performed on MASH TL-4 and TL-3 stand-alone concrete beam foundations, 
respectively [9-10]. The passing results of these studies and the comparison to the details 





















TL-4 FE1 36 in. 19 in. 33 in. 30 ft 1V:2H 1 ft 
TL-4 FE1 36 in. 18 in. 27 in. 50 ft N/A N/A 
TL-4 FE1 36 in. 13 in. 10 in. 50 ft N/A N/A 
TL-3 CT2 32 in. 24 in.3 10 in. 20 ft 1.5V:2H 2 ft 
Florida Curb and Gutter Barrier 
 38 in. 48 in. 12 in. Unspecified N/A N/A 
Florida Shoulder Barrier 
 38 in. 39 in. 36 in. Unspecified 1V:10H 0 ft 
1FE denotes finite element analysis 
2CT denotes crash test 
3Base width is battered and follows slope of barrier 
 
The Florida Curb and Gutter and Shoulder barriers utilize a footing foundation. 
There does not currently exist any means of computationally analyzing this type of 
foundational system. However, FE simulations have been performed on a stand-alone 
foundations with a depth and width of only 10 in. and 13 in., respectively. The barrier in 
this simulation adequately contained and redirected the test vehicle according to MASH 
TL-4 standards when a 50 ft segment length was provided. The curb and gutter barriers 
have a footing depth and width of 12 in. and 48 in., which is significantly greater than the 
dimensions of the concrete beam foundation used in the FE simulations. Additionally, the 
curb and gutter anchorage configuration features a toe and heel, which may provide 
increased resistance when compared to the concrete beam foundation that underwent FE 
simulations. Therefore, the curb and gutter anchorage configuration is believed to be 
crashworthy to MASH TL-4 standards when a segment length of at least 50 ft is provided. 
For the shoulder barrier footing, a MASH TL-4 FE simulation has been conducted 
on a stand-alone concrete beam and foundation having a width and depth of 19 in. and 33 
in., respectively. The simulation conducted on the concrete beam foundation and barrier 
with a segment length of 30 ft successfully contained and redirected the test vehicle 
according to MASH TL-4. The system that underwent the simulation had a foundational 
width of only 4 in. greater than the width of the shoulder barrier foundation and possessed 
a depth 3 in. shorter than the depth specified for the shoulder barrier. However, unlike the 
concrete beam foundation the shoulder barrier foundation possesses a toe and heel that 
would increase the resistance to the impact loads. Therefore, the shoulder barrier 
foundation is believed to be crashworthy to MASH TL-4 impacts at segment lengths of 
only 30 ft.  
Based on this evaluation of height, geometry, anchorage, and strength, the Florida 









Table B-3. Florida 38-in. Curb and Gutter Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 159 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 159 kips 
P 
End 120 kips End 120 kips 
Punching 
Shear 
Interior 151 kips Punching 
Shear 
Interior 151 kips 
End 126 kips End 126 kips 
Anchorage Footing (50 ft Segment Length) P* Footing (50 ft Segment Length) P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 





Table B-4. Florida 38-in. Shoulder Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 159 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 159 kips 
P 
End 120 kips End 120 kips 
Punching 
Shear 
Interior 151 kips Punching 
Shear 
Interior 151 kips 
End 126 kips End 126 kips 
Anchorage Footing (30 ft Segment Length) P* Footing (30 ft Segment Length) P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Florida DOT 44-in. Single-Slope Shoulder Barrier 
 
       
Figure B-2. Florida DOT Single-Slope Shoulder Barrier Details 
 The Florida DOT Single-Slope Shoulder Barrier is a 44-in. tall reinforced concrete 
barrier. The barrier has a 10.8-degree single-slope traffic face. The barrier is vertically 
reinforced with No. 5 stirrups at a critical spacing of 8-in. Longitudinal reinforcement is 
provided to the bar by six rows of two No. 4 bars spaced vertically at 8 in. Anchorage is 
provided by the barrier being tied into a 3-ft deep footing. The footing is detailed to have 
three variations described as a rear-flush, front-flush and the typical design. Design details 
for the Florida DOT Single-Slope Shoulder Barrier are shown in Figure B-2. 
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 44-in. Shoulder barrier has the required height to contain 
the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-




[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of a 44-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
Note, the barrier does have a 6-in. vertical face beam at the top of the barrier, which 
deviates from the typical single-slope traffic face. Due to the vertical section, the barrier is 
a little more than 1-in. extended out to the traffic side than a typical single-slope traffic 
face would be. This deviation would not affect the barriers ability to redirect test vehicles, 
but may increase the chance of the occupant’s head contacting the barrier during the event 
of an impact. Although the risk is difficult to determine it is believed that the variation 
would not significantly increase risk to the occupant and therefore would be acceptable 
according to MASH criteria. 
To analyze the shoulder barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table B-5 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the shoulder barrier was determined to be 179 kips for 
interior sections and 98 kips for end sections adjacent to discontinuities (expansion gaps 
and joints).  
In addition, the shoulder barrier was analyzed for strength through a punching shear 
analysis conducted in accordance with guidance provided by Section 5 of AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear capacity of the barrier was at the 
interior and end sections was 162 kips and 131 kips, respectively. Therefore, the Type II 
barrier does not satisfy MASH TL-4 loading criteria for interior and end sections. 
The Florida 44 in. Shoulder barriers utilize a footing foundations. There does not 
currently exist any means of accurately computationally analyzing this type of anchorage 
system. However, FE simulations and a single crash test, test no. 401560-13-1, have been 




[9-10]. The passing results of these studies and the comparison to the details of the 44-in. 
Shoulder barrier foundations are shown in Table B-6. 
















TL-4 FE1 36 in. 19 in. 33 in. 30 ft 1V:2H 1 ft 
TL-4 FE1 36 in. 18 in. 27 in. 50 ft N/A N/A 
TL-4 FE1 36 in. 13 in. 10 in. 50 ft N/A N/A 
TL-3 CT2 32 in. 24 in.3 10 in. 20 ft 1.5V:2H 2 ft 
Florida 44 in. Shoulder Barrier 
 44 in. 39 in. 36 in. Unspecified 1V:10H 0 ft 
Florida 44-in. Front-Flush Shoulder Bar 
 44 in. 27 in. 36 in. Unspecified 1V:10H 0 ft 
Florida 44-in. Rear-Flush Shoulder Barrier 
 44 in. 27 in. 36 in. Unspecified N/A N/A 
1FE denotes finite element analysis 
2CT denotes crash test 
3Base width is battered and follows slope of barrier 
 
 The Florida 44-in. Shoulder barriers have similar details to the FE simulations 
conducted on stand-alone concrete beam and foundation having a width and depth of only 
19 in. and 33 in., respectively. The simulation conducted on the concrete beam foundation 
and barrier with a segment length of 30 ft successfully contained and redirected the test 
vehicle according to MASH TL-4. The system that underwent the simulation had a 
foundational width of only 3 in. greater than the width of the shoulder barriers foundation 
and possessed a depth 3 in. shorter than the depth specified for the shoulder barriers. 
However, unlike the concrete beam foundation the shoulder barriers foundations possesses 
either a toe, a heel or both, which would increase the resistance to the impact loads. 
Therefore, the shoulder barrier foundations are believed to be crashworthy to MASH TL-
4 impacts at segment lengths of only 30 ft. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Florida 
DOT 44-in. Shoulder Barrier variations are believed to be crashworthy and in compliance 




Table B-7. Florida 44-in. Shoulder Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 179 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 179 kips 
P 
End 98 kips End 98 kips 
Punching 
Shear 
Interior 162 kips Punching 
Shear 
Interior 162 kips 
End 131 kips End 131 kips 
Anchorage 
Footing (30 ft Segment Length) P* Footing (30 ft Segment Length) P* 
Front-Flush Footing (30 ft Segment Length) P* Front-Flush Footing (30 ft Segment Length) P* 
Rear-Flush Footing (30 ft Segment Length) P* Rear-Flush Footing (30 ft Segment Length) P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Georgia DOT Type 2-S Concrete Barrier 
 
 
Figure C-1. Georgia DOT Type 2-S Concrete Barrier Details  
The Georgia DOT Type 2-S Concrete Barrier is a 42-in. tall reinforced concrete 
barrier. The barrier features a 10.8-degree single-slope traffic face and a top width of 12 
in. The barrier is vertically reinforced with two No. 5 vertical bars at 9-in. spacing and 
embedded into the retaining structure below. Longitudinal reinforcement is provided by 
four rows of two No. 5 bars spaced evenly along both the front and back faces of the barrier. 
Design details for the Type 2-S Barrier are shown in Figure C-1. 
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. Type 2-S Concrete Barrier has the required height 
to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 




slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11, the MASH evaluation criteria was 
successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 9.1-degree 
slope has been successfully tested to MASH test designation no. 4-10 during test no. 
140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-slope concrete barrier 
has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type 2-S Barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table C-1 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type 2-S Barrier was determined to be 156 kips for 
interior sections and 83 kips for end sections adjacent to discontinuities (expansion gaps 
and joints).  
In addition, the Type 2-S Barrier was analyzed for strength through a punching 
shear analysis conducted in accordance with the AASHTO LRFD Bridge Design 
Specifications [8]. The punching shear capacity of the barrier at interior and end sections 
was 353 kips and 273 kips, respectively. Therefore, the shoulder barrier satisfies MASH 
TL-4 loading criteria for interior sections and at discontinuities. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Georgia 
42-in. Type 2-S Single-Slope Concrete Barrier is believed to be crashworthy and in 
compliance with MASH 2016 TL-4. Note, the adequacy of the retaining wall to resist 




Table C-2. Georgia Type 2-S Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 156 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 156 kips 
P 
End 83 kips End 83 kips 
Punching 
Shear 
Interior 353 kips Punching 
Shear 
Interior 353 kips 
End 273 kips End 273 kips 
Anchorage Reinforcement/Retaining Wall I Reinforcement/Retaining Wall I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Georgia Type 3-SA/SB Concrete Barrier 
 
 
Figure C-2. Georgia DOT Type 3-SA/SB Single-Slope Barrier 
 The Georgia DOT Type 3-SA/SB barrier is a 42-in. tall reinforced concrete barrier. 
The barrier has a 10.8-degree single-slope traffic face. The barrier is vertically reinforced 
on the traffic face side with No. 5 reinforcing bars spaced at 8 in. and on the non-traffic 
face side with No. 4 reinforcing bars spaced at 12 in. Longitudinal reinforcement is 
provided by four rows of two No. 4 bars. The barrier is specified to be anchored by the 
vertical reinforcement to a retaining wall system. Note, the adequacy of the retaining wall 
was not evaluated as part of the evaluation of the barrier. Design details for the both 
configurations of the 42 in. barrier are shown in Figure C-2.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall Type 3-SA/SB barrier has the required height 
to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 




4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the Type 3-SA/SB barrier for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table C-3 below. Note, the load into a TL-
4 barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 
5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 
 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type 3-SA/SB Barrier was determined to be 232 kips 
for interior sections and 137 kips for end sections adjacent to discontinuities (expansion 
gaps and joints).  
In addition, the Type 3-SA/SB Barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with guidance provided by Section 5 of 
AASHTO LRFD Bridge Design Specifications [8]. The punching shear capacity of the 
barrier at the interior and end sections was 284 kips and 222 kips, respectively. Therefore, 
the Type 3-SA/SB Barrier satisfies MASH TL-4 loading criteria for interior and end 
sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Georgia 
Type 3-SA/SB Barrier is believed to be crashworthy and in compliance with MASH 2016 
TL-4. Note, the adequacy of the retaining wall to resist impact and soil loading was not 




Table C-4. Georgia Type 3-SA/SB Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 232 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 232 kips 
P 
End 137 kips End 137 kips 
Punching 
Shear 
Interior 284 kips Punching 
Shear 
Interior 284 kips 
End 222 kips End 222 kips 
Anchorage Reinforcement/Retaining Wall I Reinforcement/Retaining Wall I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure D-1. Illinois DOT 44-in. Double Face Median Barrier Details 
 
Figure D-2. Illinois DOT Double Face Median Barrier Anchorage Details 
                         




 The Illinois DOT Double Face Median Barrier is a 44-in. tall unreinforced concrete 
barrier. The barrier has a 10.9-degree single-slope front face. The top width of the barrier 
is 19 in. and the bottom width is 36 in. The barrier has six separate anchorage 
configurations including: a concrete base with 2 in. keyway, 8-in. concrete keyway, 10-in. 
earthen keyway, 1½ in. asphalt keyway, 2 No. 6 reinforcing bars staggered from side to 
side at 30 in. centers, and a No. 6 reinforcing bar on one side spaced at 30 in. centers paired 
with 6 mils of bond breaker on the adjacent side. Basic design details for the Double Face 
Median Barrier are shown in Figure D-1 and the various anchorage configurations are 
shown in Figure D-2 and D--3.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed and 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed and angle of 56 mph 
and 15 degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 44-in. tall Double Face Median Barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope geometry of the 44-in. tall Double Face Median Barrier has been 
successfully MASH crash tested during impacts with the four passenger vehicles. In test 
no. 405160-13-1, a 32-in. tall, 10.8-degree single-slope concrete barrier was successfully 
crash tested to MASH test designation no. 4-11 [4]. A 42-in. tall, single-slope concrete 
barrier was successfully crash tested to MASH test designation no. 4-11 within test no. 
OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-slope concrete barrier was tested to 
MASH test designation no. 4-11 in test no. 420020-3 [6]. In all three of the MASH test 
designation no. 4-11 crash tests, the MASH evaluation criteria was successfully met. 
Additionally, a 36-in. tall, single-slope barrier with a steeper 9.1-degree slope has been 
successfully tested to MASH test designation no. 4-10 during test no. 140MASH3C16-04 
[7]. Thus, the geometry of a 42-in. tall, single-slope concrete barrier has demonstrated the 
ability to smoothly redirect both 1100C and 2270P vehicles without causing instabilities, 
excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Double Face Median Barrier for strength and anchorage capacity, 
the Yield Line analysis described by AASHTO LRFD Bridge Design Specifications could 
not be utilized [8]. The barrier anchorage systems and unreinforced nature disallow for the 
development of conventional yield lines. However, a punching shear analysis was still able 
to be conducted according Section 5 of the AASHTO LRFD Bridge Design Specifications 
[8], and resulted in strengths of 669 kips and 502 kips for interior and end sections, 
respectively. Evaluations for the anchorage of the Double Face Median Barrier were 




Unfortunately, due to the lack of reinforcement being provided in the Double Face 
barrier two of the detailed alternatives could not be adequately assessed for strength and 
anchorage based on previous crash testing. No crash tests currently exist for unreinforced 
barriers that could be used to justify the No. 6 tie bars with bond breaker or the concrete 
base with 2-in. keyway without further crash testing. However, the asphalt keyway 
anchorage configuration has similar design details to the single-slope asphalt keyway 
barriers crash tested in test nos. OSSB-1 and 469467-3-1. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 









Keyway Depth 1 in. 1 in. 1½  in. 
Keyway Width 8 ft 9 ft Unspecified 
Base Width 28 3/8 in. 24 in. 36 in. 
Top Width 12 in. 8 in. 19 in. 









Unreinforced D9.4 WWR Unreinforced 
Section Weight 874 plf 677 plf 1218 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 1827 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 
 
A comparison of the Double Face Barrier details to the crash tested asphalt keyways 




longitudinally reinforced it was determined that even though the Double Face Median 
barrier features much greater cross-section dimensions and mass it could not appropriately 
be compared to test no. 469467-3-1. However, the geometry of the Double Face Median 
Barrier is 2 in. taller and 7 in. wider at the top and bottom than the barrier tested in test no. 
OSSB-1. As shown in Table D-1, the mass of the Double Face Median Barrier is greater 
than that of the crash tested barrier which would lead to greater resistance to impacts. 
Additionally, the asphalt keyway configuration provided by the Double Face Median 
Barrier is ½ in. taller than the 1-in. asphalt keyway successfully crash tested in test no. 
OSSB-1. Additionally, the mass and base width of the Double Face barrier provides 822 
ft-lb. more static overturning resistance than the barrier in OSSB-1 without even 
considering the keyway. Therefore, the asphalt keyway configuration of the Double Face 
Median Barrier should provide increased impact resistance and is believed to possess the 
adequate strength and anchorage to resist MASH TL-3 impacts and may be adequate to 
resist MASH TL-4 impacts. 
Additionally, due to concrete providing a superior strength to asphalt and the 
concrete keyway being 6½ -in. taller than the asphalt keyway, the asphalt keyway 
configuration is considered to be more critical than the concrete 8 in. concrete keyway. 
Therefore, it is also believed that an 8-in. concrete keyway would also be crashworthy to 
MASH TL-3 with the unreinforced Double Face Median Barrier. 
Also, referenced during OSSB-1, the asphalt keyway was observed as the lowest 
capacity anchorage capacity of the details provided by Ohio during that crash testing. It 
was justified that other anchorage systems including a pair of No. 8 dowel bars at a 
maximum spacing of 48 in. would also be crashworthy to MASH 2016 TL-3. Therefore, 
the staggered No. 8 dowel bar anchorage at 30 in. of the Double Face Median Barrier is 
also believed to be crashworthy to MASH TL-3. 
The Double-Faced Median Barrier also prescribes a 10-in. soil keyway anchorage 
system similar to the anchorage provided in crash test no. 405106-13-1 [4]. In test no. 
405160-13-1, a 32-in. tall, 10.8-degree single-slope barrier was crash tested to MASH test 
designation no. 3-11. The top and bottom width of the barrier was 8 and 24-in., 
respectively. The barrier was vertically reinforced with No. 4 longitudinal bars spaced at 
12 in., and longitudinally reinforced with five rows of two No. 5 bars. The barrier was cast 
in 20-ft long sections connected by grouted rebar-grid slot connections. Anchorage was 
provided by a 10 in. depth soil keyway. All occupant risk values were within MASH limits, 
and the barrier successfully contained and redirected the test vehicle according to MASH 
test designation no. 3-11. The 32-in. tall crash tested barrier is 12 in. shorter than the Double 
Face barrier and therefore experienced a reduced impact force than would be experienced 
by the Double Face barrier during impacts. Additionally, the crash tested barrier was 
reinforced while the Double Face barrier is not making comparison difficult. However, the 
Double Face barrier is 552 plf greater than that of the crash tested barrier which would 
provide a much greater overturning impact resistance, and in test OSSB-1 it was stated that 
having a soil keyway while also providing a 1-in. pavement surface would not affect the 
performance of the barrier and would be less critical than the providing only an asphalt 
keyway. Therefore, the soil keyway is believed to be crashworthy to MASH TL-3.  
It is likely that due to the large cross section and therefore mass of the Double Face 
barrier that it would be crashworthy in all or some of the other configurations and at higher 




the application of unreinforced barriers therefore further justifications could not be 
provided at this time. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Double-
Faced Median Barrier is believed to be crashworthy and in compliance with MASH 2016 
TL-3 when a 1½-in. asphalt keyway, 8-in. concrete keyway, 10-in. earthen keyway with 
asphalt pavement or No. 6 staggered bars are provided as specified in Figure D-2. 
Additionally, the barrier may be crashworthy to MASH TL-4 standards and with other 
anchorage systems, but due to a lack of crash testing and research of the behavior of 
unreinforced barriers for MASH TL-4 barriers, justifications for its use in TL-4 




Table D-2. Illinois 44 in. Double Face Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 























End - End - 
Punching 
Shear 
Interior 669 kips Punching 
Shear 
Interior 669 kips 
End 502 kips End 502 kips 
Anchorage 
PCC Base with 2-in. Keyway I PCC Base with 2-in. Keyway I 
8 in. Concrete Keyway P* 8 in. Concrete Keyway I 
10-in. Earthen Keyway P* 10-in. Earthen Keyway I 
1½ in. Asphalt Keyway P* 1½ in. Asphalt Keyway I 
Staggered No. 6 Tie Bars P* Staggered No. 6 Tie Bars I 
Tie Bars and Bond Breaker I Tie Bars and Bond Breaker I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Illinois DOT 39-in. and 44-in. Constant Slope Concrete 
Parapets 
 
                   
Figure D-4. Illinois DOT 39 in. and 44 in. Constant Slope Concrete Parapet Details 
 The Illinois DOT Constant Slope Concrete Parapets are 39 in. and 44-in. tall 
reinforced half section concrete barriers. The barriers have a 10.9-degree single-slope 
traffic face. The barriers are vertically reinforced with No. 5 stirrups at a spacing of 8-in. 
The 39 in. Constant Slope Parapet is longitudinally reinforced with ten No. 4 bars placed 
into five rows, while the 44 in. Constant Slope Parapet is longitudinally reinforced with 
twelve No. 4 bars place into six rows. Anchorage is provided to both barriers by a No. 5 
stirrup cast into a concrete deck. Design details for the both the 39 in. and 44 in. Constant 
Slope Concrete Parapets are shown Figure D-4.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 39-in. and 44 in. Constant Slope Concrete Parapets have 
the required height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 




single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of a 39-in. and 44-in. tall, single-slope 
concrete barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P 
vehicles without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the concrete parapets for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table D-3 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the 39 in. Constant Slope Concrete Parapet was determined 
to be 206 kips for interior sections and 123 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Yield Line Analysis of the 44 in. Constant Slope Concrete 
Parapet was determined to be 221 kips for interior sections and 121 kips for ends sections 
adjacent to discontinuities. 
In addition, the parapets were analyzed for strength through a punching shear 
analysis conducted in accordance with Section 5 of the AASHTO LRFD Brdige Design 
Specifications [8]. The punching shear capacity of the 39 in. Constant Slope Concrete 
Parapet at interior and end sections was 205 kips and 167 kips, respectively. The punching 
shear capacity of the 44 in. Constant Slope Concrete Parapet at interior and end sections 
was 217 kips and 173 kips, respectively. Therefore, the shoulder barrier satisfies MASH 
TL-4 loading criteria for interior sections and at discontinuities. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Illinois 
39 in. and 44 in. Constant Slope Concrete Parapets are believed to be crashworthy and in 




Table D-4. Illinois 39-in. Constant Slope Concrete Parapet Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 206 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 206 kips 
P 
End 123 kips End 123 kips 
Punching 
Shear 
Interior 205 kips Punching 
Shear 
Interior 205 kips 
End 167 kips End 167 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table D-5. Illinois 44-in. Constant Slope Concrete Parapet Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 221 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 221 kips 
P 
End 121 kips End 121 kips 
Punching 
Shear 
Interior 217 kips Punching 
Shear 
Interior 217 kips 
End 173 kips End 173 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Indiana DOT Type FC F-Shape Barrier 
 
 
Figure E-1. Indiana DOT Type FC F-Shape Barrier Details 
 The Indiana DOT Type FC concrete barrier is a 33-in. tall, F-Shape reinforced 
concrete barrier. The barrier is a half-section barrier and is 9-in. thick at the top of the 
barrier. The barrier is vertically reinforced with two No. 5 bars at 8-in. spacing, and is 
anchored to a concrete slab or bridge deck with a No. 5 bent bar also spaced longitudinally 
at 8 in. Longitudinal reinforcement in the Type FC barrier is provided by eight No. 5 bars. 
Design details for the Type FC barrier are shown in Figure E-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that TL-3 concrete barriers with 
a height of only 30 in. can contain the 2270P test vehicle and prevent override [2]. 
However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 33-in. Indiana DOT Type FC barrier has the required 




The F-Shape geometry of the Type FC barrier has also been successfully MASH 
crash tested during an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 
32-in. F-Shape concrete barrier was successfully crash tested to MASH test designation 
no. 3-11 [3]. Unfortunately, a permanent F-shape barrier has yet to be MASH crash tested 
to test designation no. 3-10. However, F-shape barriers have been shown to induce less 
vehicle climb than New Jersey shape barriers due to the reduced toe section height. 
Therefore, since a New Jersey barrier has been successfully crash tested to MASH test 
designation no. 3-10 in test no. 2214NJ-1 it is believed that the less critical face shape of 
the F-shape would perform similarly or better. Additionally, in test no. H34BR-1, a 34 in. 
tall vertical concrete barrier with minor asperities was successfully crash tested to MASH 
test designation no. 3-10 [4]. Vertical barriers are known to produce the highest vehicle 
deformations due to the absence of vehicle redirection due to a vertical traffic face shape. 
Therefore, since a New Jersey and Vertical barrier have been successfully crash tested to 
MASH test designation no. 3-10, it is believed that an F-shape barrier would also be 
crashworthy. Thus, the geometry of a 33-in. tall, F-Shape concrete barrier has demonstrated 
the ability to smoothly redirect both 1100C and 2270P vehicles without causing 
instabilities, excessive vehicle deformations, or excessive vehicle decelerations. 
To analyze the Type FC barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [5]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table E-1 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type FC concrete barrier was conducted on the full 
barrier section as well as the upper section of the barrier. The full section had a strength of 
191 kips for interior sections and 99 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the barrier displayed 
calculated strength of 242 kips and 199 kips for interior and end sections, respectively. 
In addition, the Type FC barrier was analyzed for strength through a punching shear 
analysis conducted in accordance with Section 5 of the AASHTO LRFD Bridge Design 
Specifications [5]. The punching shear capacity of the barrier was at the interior and end 
sections was 152 kips and 120 kips, respectively. Therefore, the Type FC barrier satisfies 




 Based on the evaluation of height, geometry, anchorage, and strength, the Type II 




Table E-2. Indiana Type FC Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 191 kips 
P ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 99 kips End - kips 
Punching 
Shear 
Interior 152 kips Punching 
Shear 
Interior - kips 
End 120 kips End - kips 
Anchorage Reinforcement P - N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Indiana DOT Type FT F-Shape Barrier 
 
 
Figure E-2. Indiana DOT Type FT F-Shape Barrier Details 
 The Indiana DOT Type FT concrete barrier is a 45-in. tall, F-Shape reinforced 
concrete barrier. The barrier is a half-section barrier and is 8-in. thick at the top of the 
barrier. The barrier is vertically reinforced with two No. 5 bars at 8-in. spacing, and is 
anchored to a concrete slab or bridge deck with a No. 5 bent bar also spaced longitudinally 
at 8 in. Longitudinal reinforcement in the Type FC barrier is provided by eight No. 5 bars. 
Design details for the Type FT barrier are shown in Figure E-2. 
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 




slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 45-in. Indiana DOT Type FT barrier has the required 
height to contain MASH TL-4 impact conditions.  
The F-Shape geometry of the Type FT barrier has been successfully MASH crash 
tested during an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 32-in. 
tall, F-Shape concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. Unfortunately, a permanent F-shape barrier has yet to be MASH crash tested to 
test designation no. 4-10. However, F-shape barriers have been shown to induce less 
vehicle climb than New Jersey shape barriers due to the reduced toe section height. 
Therefore, since a New Jersey barrier has been successfully crash tested to MASH test 
designation no. 4-10 in test no. 2214NJ-1 it is believed that the less critical face shape of 
the F-shape would perform similarly or better. Additionally, in test no. H34BR-1, a 34 in. 
tall vertical concrete barrier with minor asperities was successfully crash tested to MASH 
test designation no. 4-10 [4]. Vertical barriers are known to produce the highest vehicle 
deformations due to the absence of vehicle redirection due to a vertical traffic face shape. 
Therefore, since a New Jersey and Vertical barrier have been successfully crash tested to 
MASH test designation no. 4-10, it is believed that an F-shape barrier would also be 
crashworthy. Thus, the geometry of the Type FT F-Shape concrete barrier has 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type FT barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [6]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table E-3 below. Note, the load into a TL-4 
barrier greater than 36 in. is estimated at 80 kips over a longitudinal length of 5 ft. Thus, 5 
ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type FT concrete barrier was conducted on the full 
barrier section as well as the upper section of the barrier. The full section had a strength of 
182 kips for interior sections and 98 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the barrier displayed 
calculated strength of 200 kips and 180 kips for interior and end sections, respectively. 
In addition, the Type FT barrier was analyzed for strength through a punching shear 




Specifications [6]. The punching shear capacity of the barrier was at the interior and end 
sections was 152 kips and 120 kips, respectively. Therefore, the Type FT barrier satisfies 
the MASH TL-4 loading criteria for interior and end sections. 
 Based on the evaluation of height, geometry, anchorage, and strength, the Type FT 




Table E-4. Indiana Type FT Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 182 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 182 kips 
P 
End 98 kips End 98 kips 
Punching 
Shear 
Interior 178 kips Punching 
Shear 
Interior 178 kips 
End 140 kips End 140 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Indiana 45-in. Concrete Median Barrier 
 
 
Figure E-3. Indiana DOT 45-in. Concrete Median Barrier Details 
 The Indiana DOT Concrete Median barrier is a 45-in. tall, F-Shape unreinforced 
concrete barrier. The barrier is 14 in. thick at the top and has a typical F-Shape traffic face 
configuration. Anchorage is provided to the barrier by two staggered No. 6 reinforcing bars 
and spaced at 12 in., longitudinally. Design details for the 45-in. tall concrete median 
barrier are shown in Figure E-3.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 45-in. tall Virginia DOT median barrier has the required 
height to contain MASH TL-4 impact conditions.  
The F-Shape geometry of the Type II barrier has been successfully MASH crash 
tested during an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 32-in. 
tall, F-Shape concrete barrier was successfully crash tested to MASH test designation no. 




test designation no. 4-10. However, F-shape barriers have been shown to induce less 
vehicle climb than New Jersey shape barriers due to the reduced toe section height. 
Therefore, since a New Jersey barrier has been successfully crash tested to MASH test 
designation no. 4-10 in test no. 2214NJ-1 it is believed that the less critical face shape of 
the F-shape would perform similarly or better. Additionally, in test no. H34BR-1, a 34 in. 
tall vertical concrete barrier with minor asperities was successfully crash tested to MASH 
test designation no. 4-10 [4]. Vertical barriers are known to produce the highest vehicle 
deformations due to the absence of vehicle redirection due to a vertical traffic face shape. 
Therefore, since a New Jersey and Vertical barrier have been successfully crash tested to 
MASH test designation no. 4-10, it is believed that an F-shape barrier would also be 
crashworthy. Thus, the geometry of a 45-in. tall, F-Shape concrete barrier has demonstrated 
the ability to smoothly redirect both 1100C and 2270P vehicles without causing 
instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
Unfortunately, the Indiana 45-in. Concrete Median barrier’s lack of reinforcement 
disallowed for a conventional yield line analysis according to AASHTO LRFD Bridge 
Design Specifications [6]. Therefore, analyzation of the Indiana 45-in. Concrete Median 
Barrier for strength and anchorage capacity was transitioned to direct comparison with a 
punching shear analysis according to AASHTO LRFD Bridge Design Specifications [6]. 
However, the load requirements within that document have not yet been updated to reflect 
MASH impact loads. Those loads have been determined as part of NCHRP Project 22-
20(2) and are shown in Table E-5 below. Note, the load into a TL-4 barrier is estimated at 
80 kips over a longitudinal length of 5 ft.  













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
The punching shear capacity of the median barrier at the interior and end sections 
was 460 kips and 350 kips, respectively. Therefore, the Indiana 45-in. Concrete Median 
Barrier has the required strength to resist punching shear failures from TL-4 impacts. 
For direct comparison, there currently exists no crash testing conducted on 
unreinforced or minimally reinforced barrier systems with dowel or reinforcing bar 
anchorage. Additionally, there is no other known analyzation methods that could be used 
to justify crashworthiness of the Indiana 45-in. concrete median barrier. However, there 
has been a crash test of an unreinforced barrier with asphalt keyway system in test no. 
OSSB-1.  
In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested to MASH test designation no. 




a 1-in. thick by 8-ft. wide asphalt keyway. The crash test resulted in negligible permanent 
set displacement and all occupant compartment deformations were within the allowable 
limits established in MASH.  The barrier successfully contained and redirected the barrier 
according to MASH test designation no. 3-11 [5]. 
The Indiana 45-in. concrete median barrier is approximately 2 in. wider than the 
barrier tested in test no. OSSB-1, and the masses of the barrier are similar at 895 plf and 
874 plf, respectively. Due to the increased base width of the Indiana 45-in. concrete median 
barrier it holds 1120 lb-ft per ft compared to the overturning resistance of OSSB-1 at 1033 
lb-ft per ft. Additionally, the barrier tested in OSSB-1 was a single-slope barrier, it is to be 
expected that vehicle climb of the F-shape geometry may increase the effective height of 
the impact force creating further instabilities, but the force would likely be reduced from 
an F-shape due to an expected increased impulse time. However, it was documented in 
OSSB-1 that No. 8 dowel bar anchorages spaced at a maximum of 48 in. is expected to 
have greater anchorage capacity than a the crash tested 1-in. asphalt keyway of that system. 
Therefore, the staggered No. 6 dowel bars spaced at 12 in. of the unreinforced 45-in. 
concrete median barrier is expected to have the necessary strength and anchorage to be 
deemed crashworthy to MASH TL-3. 
 Based on the evaluation of height, geometry, anchorage, and strength, the Indiana 




Table E-6. Indiana 45-in. Concrete Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End - kips End - kips 
Punching 
Shear 
Interior 460 kips Punching 
Shear 
Interior 460 kips 
End 350 kips End 350 kips 
Anchorage Staggered Dowel Bars P* Staggered Dowel Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Iowa DOT 54 in. F-Shape Roadside Barrier 
 
                        
Figure F-1. Iowa DOT 54 in. F-Shape Roadside Barrier Details 
 The Iowa DOT F-Shape Roadside Barrier is a 54-in. tall, F-Shape reinforced 
concrete barrier. The barrier is 12 in. thick at the top and has a typical F-Shape traffic face 
configuration. The barrier is vertically reinforced with a No. 6 stirrups at 12-in. spacing, 
and is anchored to the deck with a No. 5 bar also spaced longitudinally at 12 in. 
Longitudinal reinforcement in the roadside barrier consists of ten No. 6 bars arranged in 
five rows with two bars in each row. Design details for the F-Shape Roadside Barrier are 
shown in Figure F-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 54-in. tall Iowa DOT F-Shape Roadside Barrier has the 
required height to contain MASH TL-4 impact conditions.  
The F-Shape traffic face profile has been successfully MASH crash tested during 
an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 32-in. tall, F-Shape 
concrete barrier was successfully crash tested to MASH test designation no. 4-11 [4]. 




designation no. 4-10. However, F-shape barriers have been shown to induce less vehicle 
climb than New Jersey shape barriers due to the reduced toe section height. Therefore, 
since a New Jersey barrier has been successfully crash tested to MASH test designation no. 
4-10 in test no. 2214NJ-1 it is believed that the less critical face shape of the F-shape would 
perform similarly or better. Additionally, in test no. H34BR-1, a 34 in. tall vertical concrete 
barrier with minor asperities was successfully crash tested to MASH test designation no. 
4-10 [4]. Vertical barriers are known to produce the highest vehicle deformations due to 
the absence of vehicle redirection due to a vertical traffic face shape. Therefore, since a 
New Jersey and Vertical barrier have been successfully crash tested to MASH test 
designation no. 4-10, it is believed that an F-shape barrier would also be crashworthy. Thus, 
the geometry of a 54-in. tall, F-Shape concrete barrier has demonstrated the ability to 
smoothly redirect both 1100C and 2270P vehicles without causing instabilities, excessive 
vehicle deformations, or excessive vehicle decelerations.  
To analyze the Iowa DOT F-Shape Roadside Barrier for strength and anchorage 
capacity, a Yield Line analysis was conducted similar to the method described by 
AASHTO LRFD Bridge Design Specifications [6]. However, the load requirements within 
that document have not yet been updated to reflect MASH impact loads. Those loads have 
been determined as part of NCHRP Project 22-20(2) and are shown in Table F-1 below. 
Note, the load into a TL-4 barrier greater than 36 in. in height is estimated at 80 kips over 
a longitudinal length of 5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line 
equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the F-Shape Roadside Barrier was conducted on the full 
barrier section as well as the upper section of the barrier. The full section had a strength of 
347 kips for interior sections and 157 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the barrier displayed 
calculated strength of 415 kips and 203 kips for interior and end sections, respectively. 
In addition, the F-Shape Roadside Barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [6]. The punching shear capacity of the barrier was at the 
interior and end sections was 376 kips and 277 kips, respectively. Therefore, the F-Shape 
Roadside Barrier satisfies MASH TL-4 loading criteria for interior and end sections. 
 Based on the evaluation of height, geometry, anchorage, and strength, the Iowa F-




Table F-2. Iowa 54-in. F-Shape Roadside Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 347 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 347 kips 
P 
End 157 kips End 157 kips 
Punching 
Shear 
Interior 376 kips Punching 
Shear 
Interior 376 kips 
End 277 kips End 277 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Iowa DOT Vertical Bridge Railing 
 
 
Figure F-2. Iowa DOT Vertical Bridge Railing Details 
 The Iowa DOT Vertical Face Railing is a 34-in. tall vertical face reinforced 
concrete barrier. The barrier is vertically reinforced with No. 5 stirrups at a spacing of 12-
in. Longitudinal reinforcement is provided to the barrier by four rows of two No. 5 bars 
spaced evenly vertically. Anchorage is provided by vertical reinforcement extending into 
the bridge deck. Design details for bridge railing are shown in Figure F-2.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively [1]. MASH test designation no. 3-11 consists of a 5,000-
lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph 
and 25 degrees, respectively [1].  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. Thus, the 34-in. tall vertical bridge railing has the required height to contain the pickup 
truck under MASH TL-3 impact conditions. 
The vertical traffic face barrier geometry has been successfully MASH crash tested 
during impacts with the six passenger vehicles. In test nos. H34BR-1 and H34BR-2 a 34-
in. vertical barrier featuring minor asperities to the traffic face was successfully crash tested 
to MASH test designation nos. 3-10 and 3-11, respectively. In test nos. 130MASHC13-02 
and 130MASH3P13-01, a 32-in. tall vertical concrete barrier with sidewalk was 
successfully crash tested to MASH test designation no. 3-10 and 3-11 [6]. In test no. 
490024-2-1, a 32¾-in. tall vertical concrete barrier was successfully crash tested to MASH 




moment slab anchorage was successfully crash tested to MASH test designation no. 3-11 
[8]. Thus, the vertical traffic face geometry of a 34-in. tall vertical concrete barrier has 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the vertical bridge railing for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [6]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table F-3 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the bridge railing was determined to be 148 kips for interior 
sections and 76 kips for end sections adjacent to discontinuities (expansion gaps and 
joints).  
In addition, the bridge railing was analyzed for strength through a punching shear 
analysis conducted in accordance with guidance provided by Section 5 of AASHTO LRFD 
Bridge Design Specifications [6]. The punching shear capacity of the barrier was at the 
interior and end sections was 130 kips and 122 kips, respectively. Therefore, the Type II 
barrier satisfies MASH TL-3 loading criteria for interior and end sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Iowa 34-





Table F-4. Iowa Vertical Bridge Railing Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 148 kips 
P ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 76 kips End - kips 
Punching 
Shear 
Interior 130 kips Punching 
Shear 
Interior - kips 
End 122 kips End - kips 
Anchorage Reinforcement P Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Kansas DOT Type II F-Shape Barrier 
 
 
Figure G-1. Kansas DOT Type II F-Shape Barrier Details 
 The Kansas DOT Type II barrier is a 32-in. tall, F-Shape reinforced concrete 
barrier. The barrier is 7 ½ in. thick at the top and has a typical F-Shape traffic face 
configuration. The barrier is vertically reinforced with a No. 5 loop at 12-in. spacing, and 
is anchored to the deck with a No. 5 bar also spaced longitudinally at 12 in. Longitudinal 
reinforcement in the Type II barrier consists of six bars, one No. 6 bar and five No. 4 bars. 
Design details for the Type II barrier are shown in Figure G-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that TL-3 concrete barriers with 
a height of only 30 in. can contain the 2270P test vehicle and prevent override [2]. 
However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 32-in. Kansas Type II barrier has the required height 
to contain MASH TL-3 impact conditions. 
The F-Shape geometry of the Type II barrier has also been successfully MASH 
crash tested during an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 
32-in. tall, F-Shape concrete barrier was successfully crash tested to MASH test 
designation no. 3-11 [3]. Unfortunately, a permanent F-shape barrier has yet to be MASH 




induce less vehicle climb than New Jersey shape barriers due to the reduced toe section 
height. Therefore, since a New Jersey barrier has been successfully crash tested to MASH 
test designation no. 3-10 in test no. 2214NJ-1 it is believed that the less critical face shape 
of the F-shape would perform similarly or better. Additionally, in test no. H34BR-1, a 34 
in. tall vertical concrete barrier with minor asperities was successfully crash tested to 
MASH test designation no. 3-10 [4]. Vertical barriers are known to produce the highest 
vehicle deformations due to the absence of vehicle redirection due to a vertical traffic face 
shape. Therefore, since a New Jersey and Vertical barrier have been successfully crash 
tested to MASH test designation no. 3-10, it is believed that an F-shape barrier would also 
be crashworthy. Thus, the geometry of a 32-in. tall F-Shape concrete barrier has 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations. 
To analyze the Type II barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [5]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table G-1 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type II concrete barrier was conducted on the full barrier 
section as well as the upper section of the barrier. The full section had a strength of 100 
kips for interior sections and 66 kips for end sections adjacent to discontinuities (expansion 
gaps and joints). Additionally, the upper section of the barrier displayed calculated strength 
of 116 kips and 78 kips for interior and end sections, respectively. Note, the full section 
yield line analysis for the barrier end sections is below the required 70 kips need for TL-3 
impacts. 
In addition, the Type II barrier was analyzed for strength through a punching shear 
analysis conducted according to Section 5 of the AASHTO LRFD Bridge Design 
Specifications [5]. The punching shear capacity of the barrier was at the interior and end 
sections was 109 kips and 88 kips, respectively. Therefore, the Type II Barrier satisfies 
MASH TL-3 loading criteria for interior section, but lacks the necessary loading capacity 
at end sections. 
 Based on the evaluation of height, geometry, anchorage, and strength, the Type II 




Table G-2. Kansas Type II Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 100 kips 
I ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End 66 kips End - kips 
Punching 
Shear 
Interior 109 kips Punching 
Shear 
Interior - kips 
End 88 kips End - kips 
Anchorage Reinforcement I Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Kansas DOT Type V Barrier 
 
 
Figure G-2. Kansas DOT Type V Barrier Details 
 The Kansas DOT Type V Barrier is a 32-in. tall reinforced concrete barrier. The 
barrier has a vertical traffic face. The barrier is vertically reinforced with No. 5 stirrups at 
a critical spacing of 12-in. Longitudinal reinforcement is provided to the barrier by five 
rows of two No. 5 bars. Anchorage is provided by the vertical reinforcement extending into 
a concrete shoulder. Design details for the Type V Barrier are shown in Figure G-2.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively [1]. MASH test designation no. 3-11 consists of a 5,000-
lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph 
and 25 degrees, respectively [1].  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. Note, the Type V barrier is 34-in. tall, but for stability was considered to be 32 in. due 
to the specified 2 in. HMA overlay. Thus, the 34-in. tall Type V Barrier has the required 
height to contain the pickup truck under MASH TL-3 impact conditions. 
The vertical traffic face barrier geometry has been successfully MASH crash tested 
during impacts with the six passenger vehicles. In test nos. H34BR-1 and H34BR-2 a 34-
in. tall vertical barrier featuring minor asperities to the traffic face was successfully crash 
tested to MASH test designation nos. 3-10 and 3-11, respectively. In test nos. 
130MASHC13-02 and 130MASH3P13-01, a 32-in. tall vertical concrete barrier with 
sidewalk was successfully crash tested to MASH test designation no. 3-10 and 3-11 [6]. In 




MASH test designation no. 3-11 [7]. In test no. 475350-1, a 32 in. vertical concrete barrier 
with moment slab anchorage was successfully crash tested to MASH test designation no. 
3-11 [8]. Thus, the vertical traffic face geometry of a 34-in. tall vertical concrete barrier 
has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type V Barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [6]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table G-3 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type V Barrier was determined to be 181 kips for 
interior sections and 87 kips for end sections adjacent to discontinuities (expansion gaps 
and joints). 
In addition, the Type V barrier was analyzed for strength through a punching shear 
analysis conducted in accordance with guidance provided by Section 5 of AASHTO LRFD 
Bridge Design Specifications [6]. The punching shear capacity of the barrier was at the 
interior and end sections was 188 kips and 143 kips, respectively. Therefore, the Type II 
barrier satisfies the MASH TL-3 loading criteria for interior and end sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Kansas 





Table G-4. Kansas Type V Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 181 kips 
P ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 87 kips End - kips 
Punching 
Shear 
Interior 188 kips Punching 
Shear 
Interior - kips 
End 143 kips End - kips 
Anchorage Reinforcement P Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure H-1. Minnesota DOT Type 36A/42A/54A Single-Slope Barriers 
 The Minnesota Type 36A/42A/54A Single-Slope Barriers are 36-in., 42-in., and 
54-in. tall, respectively. The barriers have a roughly 10.8-degree single-slope traffic face. 
The barriers are vertically reinforced with No. 4 stirrups at a spacing of 6-in. at the end 
sections. No vertical reinforcement is provided at interior sections of any of the barriers. 
Longitudinal reinforcement in the Type 36A barrier is provided by four rows of two No. 5 
bars spaced vertically at 9 in. The Type 42A and 54A barriers provided the same 
reinforcement as the Type 36A barrier but also include one and two additional No. 5 
reinforcing bars at top of the sections, respectively. Anchorage is provided by a 10 in. by 
10 ft footing at the end sections. Additionally, the middle sections are anchored to a 7 in. 
footing by two No. 8 dowel bars spaced longitudinally at 24 in. Design details for the both 
configurations of the 42 in. barrier are shown in Figure H-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-




prevent override [2-3]. Thus, the Type 36A/42A/54A barriers have the required height to 
contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of the Type 36A/42A/54A barriers 
have demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the single-slope barriers for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table H-1 below. Note, the load into a TL-
4 barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 
5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. The Yield Line 
Analysis was limited to the end sections due to the lack of vertical reinforcement in the 
middle section of the Type 36A/42A/54A Barriers 
 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the barrier end sections for the Type 36A, 42A, and 54A 
was determined to 135, 127, 139 kips for end sections adjacent to discontinuities 
(expansion gaps and joints), respectively. 
In addition, the barriers were analyzed for strength through a punching shear 
analysis conducted according to Section 5 of the AASHTO LRFD Bridge Design 
Specifications [8]. The punching shear analysis included the resistance of the concrete and 
vertical steel reinforcement. The punching shear capacities of the Type 36A/42A/54A 
barriers at interior and end sections was 272, 255, 340 kips and 214, 210, 271 kips, 
respectively. Therefore, the shoulder barrier satisfies MASH TL-4 loading criteria for 




Unfortunately, due to the lack of vertical reinforcement being provided in the Type 
36A, 42A, and 54A the barriers strength and anchorage could not be adequately assessed 
for interior sections utilizing computational methods. Additionally, no crash tests currently 
exist for barriers with strictly longitudinal reinforcement at interior sections with dowel 
bars. However, dowel bar anchorage has been crash tested to MASH test designation no. 
3-21 on a height and shape transition in test no. 469689-2-2. Also, an asphalt keyway 
anchorage with an unreinforced barrier has been crash tested in test no. OSSB-1 for which 
researchers deemed that dowel bar anchorage would provide greater anchorage than an 
asphalt keyway anchorage system [5]. 
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [10]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
Details of the crash tested systems and the Type 36A, 42A and 54A are provided 
in Table H-2.  
The Type 36A had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type 36A had greater weight and therefore overturning 
stability than that of test no. 469689-2-2. Additionally, the Type 36A was embedded only 
4 in. whereas the crash tested dowels were embedded 6 in. and extending up into the barrier 
15 in. versus 4 in. in the Type 36A. However, the barrier system in test no. 469689-2-2 
only had one dowel compared to two at each spacing for the Type 36A, and the spacing for 
the Type 36A dowels were spaced at 2 ft versus 8 ft for the crash tested transition. 
Additionally, the unreinforced barrier with asphalt keyway crash tested in test no. OSSB-
1 was considered to have more critical anchorage than a dowel bar anchorage system. 
Therefore, due to the increased weight and the lesser spacing of dowel bars of the Type 
36A, the Type 36A is believed to have equivalent or less critical strength and anchorage 
than the MASH TL-3 crashworthy transition, and therefore is believed to have the required 
strength and anchorage to be crashworthy to MASH TL-3. 
The Type 42A had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type 42A had greater weight and therefore overturning 




differential which has propensity to cause increased impacting moment. Additionally, the 
Type 42A was embedded only 4 in. whereas the crash tested dowels were embedded 6 in. 
and extending up into the barrier 15 in. versus 4 in. in the Type 42A. However, the barrier 
system in test no. 469689-2-2 only had one dowel compared to two at each spacing for the 
Type 42A, and the spacing for the Type 42A dowels were spaced at 2 ft versus 8 ft for the 
crash tested transition. Additionally, the unreinforced barrier with asphalt keyway crash 
tested in test no. OSSB-1 was considered to have more critical anchorage than a dowel bar 
anchorage system. Therefore, due to the increased weight and the lesser spacing of dowel 
bars of the Type 42A, the Type 42A is believed to have equivalent or less critical strength 
and anchorage than the MASH TL-3 crashworthy transition, and therefore is believed to 
have the required strength and anchorage to be crashworthy to MASH TL-3. 
The Type 54A had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type 54A had far greater weight and therefore 
overturning stability than that of test no. 469689-2-2 which is believed to offset the 17 in. 
height differential which has propensity to cause increased impacting moment. 
Additionally, the Type 54A was embedded only 4 in. whereas the crash tested dowels were 
embedded 6 in. and extending up into the barrier 15 in. versus 4 in. in the Type 54A. 
However, the barrier system in test no. 469689-2-2 only had one dowel compared to two 
at each spacing for the Type 54A, and the spacing for the Type 54A dowels were spaced 
at 2 ft versus 8 ft for the crash tested transition. Additionally, the unreinforced barrier with 
asphalt keyway crash tested in test no. OSSB-1 was considered to have more critical 
anchorage than a dowel bar anchorage system. Therefore, due to the increased weight and 
the lesser spacing of dowel bars of the Type 54A, the Type 54A is believed to have 
equivalent or less critical strength and anchorage than the MASH TL-3 crashworthy 
transition, and therefore is believed to have the required strength and anchorage to be 




















Dowels No. 8 Dowels No. 8 Dowels No. 8 Dowels 
Anchorage Depth 1 in. 21 in. (6 in.) 2x8 in. (4 in.) 2x8 in. (4 in.) 2x8 in. (4 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 2 ft 2 ft 
Base Width 283/8 in. 18 in. 24 in. 24 in. 24 in. 
Top Width 12 in. 10 in. 10 in. 8 in. 6 in. 
Height 43 in. 37 in.1 36 in. 42 in. 54 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced Unreinforced Unreinforced 
Section Weight 874 plf 522 plf2 594 plf 654 plf 816 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 594 ft-lb. 654 ft-lb. 816 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
Based on this evaluation of height, geometry, anchorage, and strength, the 
Minnesota Type 36A/42A/54A barriers are believed to be crashworthy and in compliance 
with MASH 2016 TL-3. The barriers may also be crashworthy and in compliance with 
MASH TL-4, but due to a lack of vertical reinforcement it is difficult to adequately qualify 




Table H-3. Minnesota Type 36A Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 135 kips End 135 kips 
Punching 
Shear 
Interior 272 kips Punching 
Shear 
Interior 272 kips 
End 255 kips End 255 kips 
Anchorage Dowel Bars/Footing/End Anchorage P* Dowel Bars/Footing/End Anchorage I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table H-4. Minnesota Type 42A Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 127 kips End 127 kips 
Punching 
Shear 
Interior 255 kips Punching 
Shear 
Interior 255 kips 
End 210 kips End 210 kips 
Anchorage Dowel Bars/Footing/End Anchorage P* Dowel Bars/Footing/End Anchorage I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table H-5. Minnesota Type 54A Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 139 kips End 139 kips 
Punching 
Shear 
Interior 340 kips Punching 
Shear 
Interior 340 kips 
End 271 kips End 271 kips 
Anchorage Dowel Bars/Footing/End Anchorage P* Dowel Bars/Footing/End Anchorage I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Missouri DOT Type C Median Barrier 
 
   
Figure I-1. Type C Median Barrier Details 
The Missouri DOT Type C Median Barrier is a 42-in. tall concrete barrier. The 
barrier has a 10.8-degree single-slope traffic face. The top width of the barrier is 8 in. and 
the bottom width is 24 in. The barrier is vertically reinforced at its end sections with No. 4 
stirrups at spaced between 4-in. and 24-in. No vertical reinforcement is provided at interior 
sections. Longitudinal reinforcement is provided by two rows of two No. 5 bars vertically 
spaced at 14 in. The barrier has a primary anchorage configuration that utilizes two 1-in. 
diameter dowels spaced longitudinally at 24 in. However, the standard plans contain notes 
that the anchorage system may be replaced by a 1¾-in. asphalt keyway or by epoxying No. 
8 reinforcing bars into concrete. Basic design details for the Type C Median Barrier are 
shown in Figure I-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed and 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed and angle of 56 mph 
and 15 degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall Type C Median Barrier has the required height 
to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope geometry of the Type C Median Barrier has been successfully 
MASH crash tested during impacts with the four passenger vehicles. In test no. 405160-




to MASH test designation no. 4-11 [4]. A 42-in. tall, single-slope concrete barrier was 
successfully crash tested to MASH test designation no. 4-11 within test no. OSSB-1 [5]. 
Also, a 36-in. tall, 11-degree single-slope concrete barrier was tested to MASH test 
designation no. 4-11 in test no. 420020-3 [6]. In all three of the MASH test designation no. 
4-11 crash tests, the MASH evaluation criteria was successfully met. Additionally, a 36-
in. tall, single-slope barrier with a steeper 9.1-degree slope has been successfully tested to 
MASH test designation no. 4-10 during test no. 140MASH3C16-04 [7]. Thus, the 
geometry of a 42-in. tall, single-slope concrete barrier has demonstrated the ability to 
smoothly redirect both 1100C and 2270P vehicles without causing instabilities, excessive 
vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type C Median Barrier for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table I-1 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. Additionally, the lack 
of vertical reinforcement at the interior of the barrier section made Yield Line Theory 
inapplicable. Therefore, only the end sections of the Type C Median Barrier could be 
analyzed computationally, and the interior sections were analyzed using the method of 
direct comparison. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type C barrier was determined to be 73 kips for end 
sections adjacent to discontinuities (expansion gaps and joints).  
In addition, the Type C Median Barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear strength was determined at interior 
and end sections of the barrier.. The punching shear capacity of the barrier at interior and 
end sections was 269 kips and 220 kips, respectively. Therefore, the Type C Median Barrier 
satisfies MASH TL-3 loading criteria at interior and end sections for punching shear. 
Unfortunately, due to the lack of vertical reinforcement being provided in the Type 
C, the barriers strength and anchorage could not be adequately assessed for interior sections 
utilizing computational methods. Additionally, no crash tests currently exist for barriers 
with strictly longitudinal reinforcement at interior sections with dowel bars or asphalt 




no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an asphalt keyway 
anchorage with an unreinforced barrier has been crash tested to MASH test designation no. 
3-11 in test no. OSSB-1 for which researchers deemed that dowel bar anchorage would 
provide greater anchorage than an asphalt keyway anchorage system [5]. An additional 
asphalt keyway system has been crash tested to MASH test designation no. 4-12 in test no. 
469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 
Details of the crash tested systems and the Missouri Type C barrier are provided in 
Table I-2.  
The Type C had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type C had greater weight and therefore overturning 
stability than that of test no. 469689-2-2 which is believed to offset the 5 in. height 
differential which has propensity to cause increased impacting moment. Additionally, both 
dowel bar systems were embedded 6 in. into the concrete pavement but the transition 
section extended 15 in. up in to the barrier versus 6 in. in the Type C. However, the barrier 
system in test no. 469689-2-2 only had one dowel compared to two at each spacing for the 
C, and the spacing for the C dowels were spaced at 2 ft versus 8 ft for the crash tested 
transition. Additionally, the unreinforced barrier with asphalt keyway crash tested in test 
no. OSSB-1 was considered to have more critical anchorage than a dowel bar anchorage 




Type C, the Type C is believed to have equivalent or less critical strength and anchorage 
than the MASH TL-3 crashworthy transition, and therefore is believed to have the required 
strength and anchorage to be crashworthy to MASH TL-3 with the specified dowel bar or 
epoxied rebar anchorage. 
The Type C barrier also had similar details to that of the system crash tested in test 
no. OSSB-1. The geometry of the Type C Median Barrier is the same height, but 4 in. less 
wide at the top and bottom than the barrier tested in test no. OSSB-1 but possesses the same 
dimensions as the barrier crash tested in test no. 469467-3-1. Therefore, it is expected that 
the Type C barrier would possess less mass than the crash tested system and therefore less 
strength resistance than the system in test no. OSSB-1. However, the Type C Median 
Barrier is longitudinally reinforced which may provide increased strength resistance 
compared to the unreinforced system in test no. OSSB-1, but lacks the vertical 
reinforcement provided in test no. 469467-4-1. Additionally, the asphalt keyway 
configuration provided by the Type C Median Barrier is specified to be ¾ in. taller than 
the 1-in. asphalt keyways successfully crash tested in test nos. OSSB-1 and 469467-4-1. 
Therefore, the asphalt keyway configuration of the Type C Median Barrier may provide 
adequate impact resistance, but without further research the strength resistance cannot 
confidently be deemed crashworthy to MASH 2016 TL-4 standards. However, the Type C 
Median barrier is believed to be crashworthy to MASH 2016 TL-3 standards with a 1¾ in 
























Anchorage Depth 1 in. 1 in. 21 in. (6 in.) 





Continuous 9 ft 8 ft 2 ft Continuous 
Base Width 283/8 in. 24 in. 18 in. 24 in. 
Top Width 12 in. 8 in. 10 in. 8 in. 




14 x D17.9 
WWR 
10 x No. 5 4 x No. 5 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 677 plf 522 plf2 654 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 391 ft-lb. 654 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
 Based on this evaluation of height, geometry, anchorage, and strength, the Type C 
Median Barrier is believed to be crashworthy and in compliance with MASH 2016 TL-3 
when anchored with the specified asphalt keyway, dowel or reinforcing bars. The barrier 
may also be crashworthy and in compliance with MASH TL-4, but due to a lack of vertical 





Table I-3. Missouri Type C Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior  kips 
I 
End 73 kips End 73 kips 
Punching 
Shear 
Interior 269 kips Punching 
Shear 
Interior 269 kips 
End 220 kips End 220 kips 
Anchorage 
1¾ in. Asphalt Keyway P* 1¾ in. I 
1-in. Dowel Bars/No. 8 Rebar and Epoxy P* 1-in. Dowel Bars/No. 8 Rebar and Epoxy I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Nebraska DOT 34 in. Median Barrier 
 
 
Figure J-1. Nebraska DOT 34-in. Median Barrier Design Details 
 The Nebraska DOT Median Barrier is a 34-in. tall reinforced concrete barrier. The 
barrier has an aesthetic traffic face geometry. The barrier is vertically reinforced with No. 
4 or No.6 stirrups at a critical spacing of 12-in. Longitudinal reinforcement is provided to 
the barrier by six No. 4 bars in the lower portion and eight No. 6 bars in the upper portion. 
Anchorage is provided by the stirrup bars extending into the deck below. Design details 
for the 34 in. barrier are shown in Figure J-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively [1]. MASH test designation no. 3-11 consists of a 5,000-
lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph 
and 25 degrees, respectively [1].  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. Thus, the 34-in. tall median barrier has the required height to contain the pickup truck 
under MASH TL-3 impact conditions. 
 Unfortunately, the traffic face of the Nebraska 34-in. Median Barrier has not been 
crash tested. However, MASH test designation nos. 3-10 and 3-11 have been conducted on 
post-and-beam barriers having similar details to that of the 34-in. tall barrier in test nos. 
420021-5, 490025-2-2, and 490025-2-3. 
 In test no. 420021-5 [6], a 32-in. tall post-and-beam barrier was successfully crash 
tested to MASH test designation no. 3-11. The barrier consisted of 13-in. tall parapet posts 
with a large 15½ in. wide by 19 in. deep continuous beam resting atop the posts. Therefore, 




resulting in a post setback distance of 4½ in. The 34-in. tall-median barrier has similar 
details resulting in a contact width of 20 in. and a more critical setback distance of 3½ in. 
However, the 34-in. tall median barrier is a solid concrete barrier with no openings unlike 
the post-and-beam barrier tested in test no. 420021-5. Therefore, the snag potential of the 
34 in. median barrier is anticipated to be greatly reduced in comparison to a similar post-
and-beam system and the post setback distance was considered to not be a good indicator 
of anticipated risk. 
 Test nos. 490025-2-2 and 490025-2-3 [7] were crash tests conducted on the same 
barrier, but to MASH test designation nos. 3-10 and 3-11, respectively. The barrier 
consisted of a 9-in. tall curb with a 16½ in. wide by 21 in. deep beam resting on 12-in. tall 
posts. Although a curb is not present on the 34-in. tall median barrier it is not as important 
due to the median barrier being a solid concrete barrier. The curb was likely included on 
the detail to decrease the vertical clear opening, and thus the snag potential of the post-and-
beam barrier. Therefore, if the curb is neglected the crash tested barrier has a contact width 
of 21 in. compared to 20 in. from the 34-in. tall median barrier.  
With the 34 in. median barrier being a solid concrete barrier and having a contact 
width in between the two crash tested similar face shapes it is believed that the face shape 
of the Nebraska 34-in. tall Median Barrier would possess the ability to smoothly redirect 
both 1100C and 2270P vehicles without causing instabilities, excessive vehicle 
deformations, or excessive vehicle decelerations. Additionally, the upper portion of the 
barrier is not 
To analyze the 34-in. tall median barrier for strength and anchorage capacity, a 
Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [6]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table J-1 below. Note, 
the load into a TL-3 barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 
4 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the entire 34 in. median barrier was determined to be 320 
kips for interior sections and 127 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Due to the barrier geometry, a yield line analysis was also 
conducted on the upper portion of the barrier. The yield line analysis of the upper section 




In addition, the 34-in. tall median barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with guidance provided by Section 5 of 
AASHTO LRFD Bridge Design Specifications [6]. The punching shear capacity of the 
barrier was at the interior and end sections was 537 kips and 379 kips, respectively. 
Therefore, the Type II barrier does not satisfy MASH TL-3 loading criteria for interior and 
end sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Nebraska 





Table J-2. Nebraska 34-in. Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 320 kips 
P ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End 127 kips End - kips 
Punching 
Shear 
Interior 413 kips Punching 
Shear 
Interior - kips 
End 193 kips End - kips 
Anchorage Reinforcement P Footing N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Nebraska DOT 42-in. Median Barrier 
 
  
Figure J-2. Nebraska DOT 42-in. Median Barrier Design Details 
 The Nebraska DOT Median Barrier is a 42-in. tall reinforced concrete barrier. The 
barrier has an aesthetic traffic face geometry. The barrier is vertically reinforced with No. 
4 or No.6 stirrups at a critical spacing of 12-in. Longitudinal reinforcement is provided to 
the barrier by six No. 4 bars in the lower portion, eight No. 6 bars in the middle portion 
and two No. 4 bars in the upper portion. Anchorage is provided by the stirrup bars 
extending into the deck below. Design details for the 42 in. barrier are shown in Figure J-
2.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall median barrier has the required height to 
contain the single unit truck under MASH TL-4 impact conditions.  
In test no. 420021-5 [4], a 32-in. tall post-and-beam barrier was successfully crash 
tested to MASH test designation no. 3-11. The barrier consisted of 13-in. tall parapet posts 
with a large 15½ in. wide by 19 in. deep continuous beam resting atop the posts. Therefore, 
the contact width of the barrier was observed as 19 in. The beam juts out to the traffic side 




details resulting in a contact width of 20 in. and a more critical setback distance of 3½ in. 
However, the 42-in. tall median barrier is a solid concrete barrier with no openings unlike 
the post-and-beam barrier tested in test no. 420021-5. Therefore, the snag potential of the 
34 in. median barrier is anticipated to be greatly reduced in comparison to a similar post-
and-beam system and the post setback distance was considered to not be a good indicator 
of anticipated risk. 
 Test nos. 490025-2-2 and 490025-2-3 [5] were crash tests conducted on the same 
barrier, but to MASH test designation nos. 3-10 and 3-11, respectively. The barrier 
consisted of a 9-in. tall curb with a 16½ in. wide by 21 in. deep beam resting on 12-in. tall 
posts. Although a curb is not present on the 42-in. tall median barrier it is not as important 
due to the median barrier being a solid concrete barrier. The curb was likely included on 
the detail to decrease the vertical clear opening, and thus the snag potential of the post-and-
beam barrier. Therefore, if the curb is neglected the crash tested barrier has a contact width 
of 21 in. compared to 20 in. from the 42-in. tall median barrier. With the 34 in. median 
barrier being a solid concrete barrier and having a contact width in between the two crash 
tested similar face shapes it is believed that the face shape of the Nebraska 42-in. Median 
Barrier would possess the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations. 
 The sharp reduction of width of the top 8-in. of the barrier is not expected to affect 
the safety performance of the barrier and may even be advantageous for the possibility of 
head ejection. 
To analyze the median barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [6]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table J-3 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the entire 42 in. median barrier was determined to be 266 
kips for interior sections and 163 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Due to the barrier geometry, a yield line analysis was also 
conducted on the upper portion of the barrier. The yield line analysis of upper section was 




In addition, the 42-in. tall median barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with guidance provided by Section 5 of 
AASHTO LRFD Bridge Design Specifications [6]. The punching shear capacity of the 
barrier was at the interior and end sections was 469 kips and 348 kips, respectively. 
Therefore, the 42-in. tall barrier satisfies MASH TL-4 loading criteria for interior and end 
sections. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Nebraska 





Table J-4. Nebraska 42-in. Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 266 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 266 kips 
P 
End 163 kips End 163 kips 
Punching 
Shear 
Interior 469 kips Punching 
Shear 
Interior 469 kips 
End 348 kips End 348 kips 
Anchorage Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the New Jersey DOT 34-in. Barrier Curb 
 
 
Figure K-1. New Jersey DOT 34-in. Barrier Curb 
 The New Jersey DOT Barrier Curb concrete barrier is a 34-in. tall, New Jersey 
Shape reinforced concrete barrier. The barrier is a half-section barrier and is 11¾ -in. thick 
at the top of the barrier. The barrier is vertically reinforced with No. 5 bars at 7-in. spacing 
and is anchored to a concrete slab or bridge deck with a No. 5 bent bar also spaced 
longitudinally at 7 in. Longitudinal reinforcement in the New Jersey Barrier Curb is 
provided by three rows of two No. 4 bars. Design details for the New Jersey Barrier Curb 
are shown in Figure K-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 




passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 34-in. tall, New Jersey Barrier Curb has the required 
height to contain the pickup truck under MASH TL-3 impact conditions. 
The New Jersey traffic face barrier geometry has been successfully MASH crash 
tested during impacts with the two passenger vehicles. In test no. 2214NJ-1, a 32-in. tall, 
New Jersey concrete barrier was successfully crash tested to MASH test designation no. 3-
10[6]. In test no. 476460-1-4, a 32-in. tall vertical concrete barrier was successfully crash 
tested to MASH test designation no. 3-11 [7]. Thus, the New Jersey traffic face geometry 
of a 34-in. tall vertical concrete barrier has demonstrated the ability to smoothly redirect 
both 1100C and 2270P vehicles without causing instabilities, excessive vehicle 
deformations, or excessive vehicle decelerations.  
To analyze the New Jersey Barrier Curb for strength and anchorage capacity, a 
Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [5]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table K-1 below. Note, 
the load into a TL-3 barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 
4 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the New Jersey Barrier Curb was conducted on the full 
barrier section as well as the upper section of the barrier. The full section had a strength of 
228 kips for interior sections and 144 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the barrier displayed 
calculated strength of 339 kips and 246 kips for interior and end sections, respectively. 
In addition, the New Jersey Barrier Curb was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [5]. The punching shear capacity of the barrier was at the 
interior and end sections was 224 kips and 171 kips, respectively. Therefore, the New 





 Based on this evaluation of height, geometry, anchorage, and strength, the New 





Table K-2. New Jersey 34-in. Barrier Curb Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 228 kips 
P ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 144 kips End - kips 
Punching 
Shear 
Interior 224 kips Punching 
Shear 
Interior - kips 
End 171 kips End - kips 
Anchorage Reinforcement P Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the New Jersey DOT Concrete Median and Split Median 
Barriers 
 
     
Figure K-2. Figure 31. New Jersey DOT 32-in. Median and Split Median Barrier Details 
 The New Jersey DOT concrete median and split median barriers are a series of 32-
in. tall, New Jersey Shape reinforced concrete barrier. Both barrier variations are is 6 -in. 
thick at the top of the barrier. The barrier is vertically reinforced with No. 4 bars at 12-in. 
spacing and is anchored to a concrete slab or bridge deck with a No. 4 bent bar also spaced 
longitudinally at 12 in. Longitudinal reinforcement in the concrete median barrier is 
provided by five No. 4 bars. Longitudinal reinforcement in the split median barrier is 
provided by four No. 4 bars. Design details for the New Jersey Concrete Median and Split 
Median barriers are shown in Figure K-2.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 32-in. tall, New Jersey Barrier Curb has the required 
height to contain the pickup truck under MASH TL-3 impact conditions. 
The New Jersey traffic face barrier geometry has been successfully MASH crash 
tested during impacts with the two passenger vehicles. In test no. 2214NJ-1, a 32-in. tall, 
New Jersey concrete barrier was successfully crash tested to MASH test designation no. 3-
10[6]. In test no. 476460-1-4, a 32-in. tall vertical concrete barrier was successfully crash 




of a 32-in. tall vertical concrete barrier has demonstrated the ability to smoothly redirect 
both 1100C and 2270P vehicles without causing instabilities, excessive vehicle 
deformations, or excessive vehicle decelerations.  
To analyze the New Jersey Barrier Curb for strength and anchorage capacity, a 
Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [5]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table K-3 below. Note, 
the load into a TL-3 barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 
4 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the New Jersey Concrete Median Barrier was conducted on 
the full barrier section as well as the upper section of the barrier. The full section had a 
strength of 100 kips for interior sections and 55 kips for end sections adjacent to 
discontinuities (expansion gaps and joints). Additionally, the upper section of the barrier 
displayed calculated strength of 98 kips and 65 kips for interior and end sections, 
respectively. 
 Yield Line Analysis of the New Jersey Split Median Barrier was conducted on the 
full barrier section as well as the upper section of the barrier. The full section had a strength 
of 70 kips for interior section and 41 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the barrier displayed 
calculated strength of 76 kips and 73 kips for interior sections and end section, respectively.  
In addition, the New Jersey Concrete Median and Split Median barriers were 
analyzed for strength through a punching shear analysis conducted in accordance with 
Section 5 of the AASHTO LRFD Bridge Design Specifications [5]. The punching shear 
capacity of the concrete median barrier at the interior and end sections was 108 kips and 
90 kips, respectively. The punching shear capacity of the split median barrier at the interior 
and end sections was 91 kips and 75 kips, respectively. Therefore, neither the New Jersey 
Concrete Median Barrier nor the New Jersey Split Median Barrier satisfy the MASH TL-
3 Loading Criteria. 
 Based on this evaluation of height, geometry, anchorage, and strength, the New 
Jersey Concrete Median Barrier and the New Jersey Split Median Barrier are believed to 




Table K-4. New Jersey 32-in Concrete Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 100 kips 
I ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 55 kips End - kips 
Punching 
Shear 
Interior 108 kips Punching 
Shear 
Interior - kips 
End 90 kips End - kips 
Anchorage Reinforcement I Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table K-5. New Jersey 32-in. Split Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 70 kips 
I ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 41 kips End - kips 
Punching 
Shear 
Interior 91 kips Punching 
Shear 
Interior - kips 
End 75 kips End - kips 
Anchorage Reinforcement I Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of New Jersey DOT 32-in. Barrier Curb 
 
 
Figure K-3. New Jersey DOT 32-in. Doweled Barrier Curb Details 
 
Figure K-4. New Jersey DOT 32-in. Footing Barrier Curb Details 
 The New Jersey DOT Barrier Curb concrete barrier is a 32-in. tall, New Jersey 
Shape reinforced concrete barrier. The barrier is a median barrier and is 6-in. thick at the 
top of the barrier. The barrier features no vertical reinforcement and is only longitudinally 
reinforced by a single No. 4 reinforcing bar located 3 in. from the top of the barrier. The 
barrier specifications define three separate anchorage configurations that may be used in 
the construction of the barrier. The alternative anchorages include a single No. 8 bar being 




into 9-in. deep by 24-in. wide independent footing. Design details for the New Jersey 
Barrier Curb are shown in Figure K-3 and K-4.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 32-in. tall, New Jersey Barrier Curb has the required 
height to contain the pickup truck under MASH TL-3 impact conditions. 
The New Jersey traffic face barrier geometry has been successfully MASH crash 
tested during impacts with the two passenger vehicles. In test no. 2214NJ-1, a 32-in. tall, 
New Jersey concrete barrier was successfully crash tested to MASH test designation no. 3-
10[3]. In test no. 476460-1-4, a 32-in. tall vertical concrete barrier was successfully crash 
tested to MASH test designation no. 3-11 [4]. Thus, the New Jersey traffic face geometry 
of a 32-in. tall vertical concrete barrier has demonstrated the ability to smoothly redirect 
both 1100C and 2270P vehicles without causing instabilities, excessive vehicle 
deformations, or excessive vehicle decelerations.  
Unfortunately, the barrier curb’s minimal reinforcement combined with dowel bar 
anchorage and/or small monolithic footing disallow for a conventional yield line analysis 
according to AASHTO LRFD Bridge Design Specifications [5].  Therefore, analyzation of 
the concrete barrier for strength and anchorage capacity was transitioned to direct 
comparison with a punching shear analysis according to AASHTO LRFD Bridge Design 
Specifications [5]. The punching shear analysis was compared to the updated loading 
requirements determined as part of NCHRP 22-20(02) shown in Table K-6 below. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 






The punching shear capacity of the median barrier at the interior and end sections 
was 100 kips and 83 kips, respectively. Therefore, the barrier curb meets the TL-3 design 
loading for punching shear. 
Unfortunately, due to the minimal longitudinal reinforcement and lack of vertical 
reinforcement being provided in the 32-in. tall Barrier Curb, the barriers strength and 
anchorage could not be adequately assessed for interior sections utilizing computational 
methods. Additionally, limited crash testing currently exists for barriers with strictly 
longitudinal reinforcement at interior sections with dowel bars or asphalt keyways. 
However, dowel bar anchorage has been crash tested to MASH test designation no. 3-21 
on a height and shape transition in test no. 469689-2-2. Also, an asphalt keyway anchorage 
with an unreinforced barrier has been crash tested to MASH test designation no. 3-11 in 
test no. OSSB-1 for which researchers deemed that dowel bar anchorage would provide 
greater anchorage than an asphalt keyway anchorage system [7]. An additional asphalt 
keyway system has been crash tested to MASH test designation no. 4-12 in test no. 469467-
3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [8]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [9]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 
Details of the crash tested systems and the New Jersey 32-in. tall Barrier Curb are 
provided in Table K-7.  
The 32-in. tall Barrier Curb with a single reinforcing bar anchorage had similar 




32-in. tall Barrier Curb also had less weight, but similar overturning stability than that of 
test no. 469689-2-2. Additionally, the 32-in. tall Barrier Curb is 5 in. shorter than the 
average height of the crash tested system which has the propensity to decrease the 
impacting force and moment leading to less resistance likely being required in the 32-in. 
tall Barrier Curb. However, the dowel bar system in the 32-in. tall Barrier Curb was only 
embedded 4 in. into the concrete pavement and barrier compared to 6 in. and 15 in. for the 
transition section, respectively. Furthermore, the barrier system in test no. 469689-2-2 and 
the 32-in. tall Barrier Curb only have one dowel or reinforcing bar prescribed. However, 
the dowels were spaced at 4 ft for the 32-in. tall Barrier Curb versus 8 ft for the crash tested 
transition. The 32-in. tall Barrier Curb also specifies the use of an asphalt keyway which 
would also increase the impact resistance of the anchorage. Additionally, the unreinforced 
barrier with asphalt keyway crash tested in test no. OSSB-1 was considered to have more 
critical anchorage than a dowel bar anchorage system. 
The 32-in. tall Barrier Curb with a double reinforcing bar anchorage and footing 
had similar details to the crashworthy dowel bar transition. While containing less 
reinforcement, the 32-in. tall Barrier Curb also had less weight, but similar overturning 
stability than that of test no. 469689-2-2. Additionally, the 32-in. tall Barrier Curb is 5 in. 
shorter than the average height of the crash tested system which has the propensity to 
decrease the impacting force and moment leading to less resistance likely being required 
in the 32-in. tall Barrier Curb. However, the dowel bar system in the 32-in. tall Barrier 
Curb was only embedded 4 in. into the concrete pavement and barrier compared to 6 in. 
and 15 in. for the transition section, respectively. Furthermore, the barrier system in test 
no. 469689-2-2 prescribed only one dowel bar anchor versus the 32-in. tall Barrier Curb 
which is detailed to require two reinforcing bar anchors. Additionally, the dowels were 
spaced at 4 ft for the 32-in. tall Barrier Curb versus 8 ft for the crash tested transition. The 
32-in. tall Barrier Curb also specifies the use of an asphalt keyway which would also 
increase the impact resistance of the anchorage. Additionally, the unreinforced barrier with 
asphalt keyway crash tested in test no. OSSB-1 was considered to have more critical 
anchorage than a dowel bar anchorage system. 
Although the single reinforcing bar anchorage and double reinforcing bar 
anchorage with footing of the 32-in. tall Barrier Curb has similar characteristics to some 
crash tested systems; no crash testing has been performed on minimally reinforced New 
Jersey barriers that could be used to qualify the strength of such a barrier. Therefore, with 
the current body of knowledge the New Jersey 32-in. Barrier Curb could not be confidently 






























Anchorage Depth 1 in. 1 in. 21 in. (6 in.) 
1 x 8 in.  
(4 in.) 




Continuous 9 ft 8 ft 4 ft 4 ft 
Base Width 283/8 in. 24 in. 18 in. 24 in. 
Top Width 12 in. 8 in. 10 in. 8 in. 




14 x D17.9 
WWR 
10 x No. 5 4 x No. 5 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 677 plf 522 plf2 396 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 391 ft-lb. 396 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 140 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
3Asphalt keyway depth not provided in specifications 
 
 Based on this evaluation of height, geometry, anchorage, and strength, the New 





Table K-8. New Jersey 32-in. Barrier Curb Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
I ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End - kips End - kips 
Punching 
Shear 
Interior 100 kips Punching 
Shear 
Interior - kips 
End 83 kips End - kips 
Anchorage 
No. 8 Rebar/Asphalt Keyway (Ex. Surface) I No. 8 Rebar/Asphalt Keyway (Ex. Surface) N 
No. Rebar/Asphalt Keyway (Footing) I No. Rebar/Asphalt Keyway (Footing) N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the North Carolina DOT Type I and IV Barriers 
 
 
Figure L-1. North Carolina DOT Type I and IV Barrier Details 
 The North Carolina DOT Type I and IV concrete barriers are a 32-in. tall, New 
Jersey Shape reinforced concrete barrier. The barriers are median barriers with the top 
width of the Type I being 12 in. and the top width of the Type IV being 6 in. The barriers 
are vertically reinforced with either No. 4 or No. 5 bars at 12-in. or 18 in. spacing, 
respectively. Longitudinal reinforcement in the Type I and IV Barriers is provided by 
twelve and eleven No. 4 bars, respectively. Anchorage is provided to the barriers by a 2 in. 
asphalt keyway. Design details for the North Carolina Type I and IV Barriers are shown in 
Figure L-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that single-slope concrete 
barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent override 
[2]. However, New Jersey and F-Shape barriers have only been constructed and tested at a 
minimum height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers 
must provide a minimum height of 32 in. Thus, the 32-in. Type I and IV barriers have the 
required height to contain the pickup truck under MASH TL-3 impact conditions. 
The New Jersey traffic face barrier geometry has been successfully MASH crash 
tested during impacts with the two passenger vehicles. In test no. 2214NJ-1, a 32-in. tall, 
New Jersey concrete barrier was successfully crash tested to MASH test designation no. 3-
10 [6]. In test no. 476460-1-4, a 32-in. tall vertical concrete barrier was successfully crash 
tested to MASH test designation no. 3-11 [7]. Thus, the New Jersey traffic face geometry 
of the Type I and IV concrete barriers have demonstrated the ability to smoothly redirect 
both 1100C and 2270P vehicles without causing instabilities, excessive vehicle 




To analyze the Type I and IV barriers for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [5]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table L-1 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the barriers was conducted on the full barrier section as well 
as the upper section of each barrier. The full section of the Type I barrier had a strength of 
214 kips for interior sections and 85 kips for end sections adjacent to discontinuities 
(expansion gaps and joints). Additionally, the upper section of the Type I barrier displayed 
calculated strength of 220 kips and 130 kips for interior and end sections, respectively. The 
full section of the Type IV barrier had a strength of 121 kips for interior section and 56 
kips for end sections. The upper section of the Type IV barrier displayed a strength of 115 
kips and 70 kips for interior and end sections, respectively. Therefore, the Type I barrier 
does meet the loading criteria for MASH TL-3. However, the end sections of the Type IV 
barrier do not meet the loading criteria for MASH TL-3. 
In addition, the Type I and IV barriers were analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [5]. The punching shear capacity of the Type I barrier at the 
interior and end sections was 250 kips and 207 kips, respectively. The punching shear 
capacity of the Type IV barrier at the interior and end sections was 110 kips and 92 kips, 
respectively. Therefore, the North Carolina Type I barrier satisfies the MASH TL-3 loading 
criteria for interior and end sections. However, the North Carolina Type IV barrier only 
satisfies the MASH TL-3 loading criteria for interior sections. 
Unfortunately, no crash tests exist for permanent concrete barriers exist for 
permanent concrete barriers having a height of 32 in. and a New Jersey traffic face profile. 
However, single-slope asphalt keyway barriers have been crash tested in test nos. OSSB-1 
and 469467-3-1. 
In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested to MASH test designation no. 
3-11. The concrete barrier was entirely unreinforced in all directions and was anchored by 
a 1-in. thick by 8-ft. wide asphalt keyway. The crash test resulted in negligible permanent 




limits established in MASH.  The barrier successfully contained and redirected the barrier 
according to MASH test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 







NC Type I 
NC Type 
IV 
Keyway Depth 1 in. 1 in. 2 in. 2 in. 
Keyway Width 8 ft 9 ft Unspecified Unspecified 
Base Width 28 3/8 in. 24 in. 30 in. 24 in. 
Top Width 12 in. 8 in. 12 in. 6 in. 




14 x D17.9 
WWR 
12 x No. 4 11 x No. 4 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
No. 4 or No. 
5 
No. 4 or No. 
5 
Section Weight 874 plf 677 plf 632 plf 439 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 790 ft-lb. 439 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 140 kip-ft 140 kip-ft 
 
A comparison of the Type I and IV barrier details to the crash tested asphalt keyway 
barrier systems is presented in Table L-2. The cross-section of the Type I barrier is 11 in. 
shorter than the tested system in test no. OSSB-1 but has the same top width and a 1 in. 
greater bottom width. Thus, the mass of the Type I barrier is likely much less than the 
barrier tested in test no. OSSB-1. However, the cross-sectional area of the Type I barrier is 
similar to the barrier tested in test no. 469467-3-1 which indicates that the masses of these 
systems would be the same. The inertial properties of barrier mass is believed to be a 
significant resistance factor in crashes on alternative anchorages. Additionally, due to the 
reduced barrier height and New Jersey face shape of the Type I barrier it is expected that 
the force imparted to the barrier would be reduced in comparison with both crash tested 
systems. Also, the greater base width of the Type I barriers would provide greater 
overturning resistance than the tested systems. Finally, the Type I barrier has an asphalt 




anchorage resistance of the system. Therefore, a 2 in. asphalt keyway would be expected 
to be crashworthy to MASH TL-3 standards for the Type I barrier. 
The Type IV barrier, although similar to the Type I barrier, is 6 in. narrower. 
Therefore, the mass is reduced in comparison to the crash tested systems. Additionally, the 
slimmer Type IV barrier has a reduced base width from the Type I which may negatively 
affect the stability. Even though the asphalt keyway is 1 in. greater than the crash tested 
systems it is difficult to predict the performance of the Type IV barrier because of its 
reduced section properties. Therefore, the Type IV barrier with asphalt keyway may be 
crashworthy to MASH TL-3, but its crashworthiness could not adequately be determined 
with current analysis methods. 
 Based on this evaluation of height, geometry, anchorage, and strength, the Type I 
barrier is believed to be crashworthy and in compliance with MASH 2016 TL-3. However, 
the Type IV barrier did not display an adequate amount of strength nor could the anchorage 
of the system be adequately assessed. Therefore, the North Carolina Type IV barrier could 




Table L-3. North Carolina Type I Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 214 kips 
P* ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 85 kips End - kips 
Punching 
Shear 
Interior 250 kips Punching 
Shear 
Interior - kips 
End 207 kips End - kips 
Anchorage 2-in. Asphalt Keyway P* 2-in. Asphalt Keyway N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table L-4. North Carolina Type IV Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 115 kips 
I ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End 56 kips End - kips 
Punching 
Shear 
Interior 110 kips Punching 
Shear 
Interior - kips 
End 92 kips End - kips 
Anchorage 2-in. Asphalt Keyway I 2-in. Asphalt Keyway N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure L-2. North Carolina DOT Single-Slope Concrete Barriers 
 
Figure L-3. North Carolina Single-Slope Concrete Barrier Dimensions 
 The North Carolina DOT Single-Slope Barriers are a class of a 42-in., 48-in. and 
52-in. tall reinforced concrete barriers. The barriers have a 10.8-degree single-slope traffic 
face. The barriers are vertically reinforced with No. 4 stirrups at a critical spacing of 12-in. 
Longitudinal reinforcement is provided to the bar by five rows of two No. 5 bars spaced 
vertically between 7½ in. and 10½ in. Anchorage is detailed to be provided by a minimum 
1-in. thick asphalt keyway. Design details for the North Carolina Single-Slope Barriers are 
shown in Figure L-2 and L-3.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 




slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in., 48-in., and 52-in. tall North Carolina Single-Slope 
Barriers have the required height to contain the single unit truck under MASH TL-4 impact 
conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 4051160-13-1, a 32-in. tall, 10.8-
degree single-slope concrete barrier was successfully crash tested to MASH test 
designation no. 4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash 
tested to MASH test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 
11-degree single-slope concrete barrier was tested to MASH test designation no. 4-11 in 
test no. 420020-3 [6]. In all three of the MASH test designation no. 4-11 crash tests, the 
MASH evaluation was successfully met. Additionally, a 36-in. tall, single-slope barrier 
with a steeper 9.1-degree slope has been successfully tested to MASH test designation no. 
4-10 during test no. 140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-
slope concrete barrier has demonstrated the ability to smoothly redirect both 1100C and 
2270P vehicles without causing instabilities, excessive vehicle deformations, or excessive 
vehicle decelerations.  
To analyze the single-slope barriers for strength capacity, a Yield Line analysis was 
conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table L-5 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the 42 in. North Carolina Single-Slope Barrier was 
determined to be 190 kips for interior sections and 121 kips for end sections adjacent to 
discontinuities (expansion gaps and joints). Yield Line Analysis of the 48-in. North 
Carolina Single-Slope Barrier was determined to be 217 kips for interior sections and 135 
kips for end sections. Lastly, Yield Line Analysis of the 52-in. North Carolina Single-Slope 
Barrier was determined to be 267 kips for interior sections and 148 kips for end sections. 
In addition, the single-slope barriers were analyzed for strength through a punching 
shear analysis conducted in accordance with guidance provided by Section 5 of AASHTO 
LRFD Bridge Design Specifications [8]. The punching shear capacity of the 42-in. North 




respectively. The punching shear capacity of the 48-in. North Carolina Single-Slope 
Barrier at the interior sections was 362 kips and 289 kips, respectively. Lastly, the punching 
shear capacity of the 52-in. North Carolina Single-Slope Barrier at the interior and end 
sections was 434 kips and 320 kips, respectively. Therefore, the North Carolina Single-
Slope Barrier satisfy MASH TL-4 loading criteria for interior and end sections. 
Unfortunately, only limited research and crash testing has been conducted on 
permanent concrete barriers anchored with asphalt keyways. However, two single-slope 
asphalt keyway barriers have been crash tested in test nos. OSSB-1 and 469467-3-1. 
In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested to MASH test designation no. 
3-11. The concrete barrier was entirely unreinforced in all directions and was anchored by 
a 1-in. thick by 8-ft. wide asphalt keyway. The crash test resulted in negligible permanent 
set displacement and all occupant compartment deformations were within the allowable 
limits established in MASH.  The barrier successfully contained and redirected the barrier 
according to MASH test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-ft wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 
A comparison between the crash tested asphalt keyway systems and the North 











NC 42 SS NC 48 SS NC 52 SS 
Keyway Depth 1 in. 1 in. 1 in. 1 in. 1 in. 
Keyway Width 8 ft 9 ft Unspecified Unspecified Unspecified 
Base Width 28 3/8 in. 24 in. 24 in. 269/32 in. 289/16 in. 
Top Width 12 in. 8 in. 8 in. 8 in. 8 in. 





14 x D17.9 
WWR 





D9.4 WWR No. 4 No. 4 No. 4 
Section Weight 874 plf 677 plf 677 plf 828 plf 957 plf 
Overturning 
Stability per Foot 




140 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 
 
The 42-in. North Carolina Single-Slope Barrier has almost identical parameters to 
the barrier system crash tested in test no. 469467-3-1. The only difference lies in the 
reinforcement of the barriers, but the 42-in. North Carolina Single-Slope Barrier displayed 
the strength to successfully withstand impacts from TL-4 crashes. Therefore, it is to be 
expected that the 42-in. North Carolina Single-Slope Barrier with a 1-in. asphalt keyway 
would possess the required anchorage to withstand a TL-4 impact similarly to as was 
observed in crash test no. 469467-3-1.  
Furthermore, the 48-in. and 52-in. North Carolina Single-Slope Barriers possess 
greater mass and overturning stability than the either the barrier in test no. 469467-3-1 or 
the 42-in. North Carolina Single-Slope Barrier. An increase in barrier height is expected to 
bring slightly greater impact forces, but are not believed to increase significantly. 
Therefore, it is believed that the 48-in. and 52-in. North Carolina Single-Slope Barriers 
would possess the required anchorage to withstand a TL-4 impact.  
 Based on this evaluation of height, geometry, anchorage, and strength, the North 
Carolina 42-in., 48-in., and 52-in. Single-Slope Barriers are believed to be crashworthy and 




Table L-7. North Carolina 42-in. Single-Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 190 kips 
P* ≥ 80 kips 
Yield 
Line 
Interior 190 kips 
P* 
End 121 kips End 121 kips 
Punching 
Shear 
Interior 269 kips Punching 
Shear 
Interior 269 kips 
End 219 kips End 219 kips 
Anchorage 1-in. Asphalt Keyway P* 1-in. Asphalt Keyway P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 





Table L-8. North Carolina 48-in. Single-Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 217 kips 
P* ≥ 80 kips 
Yield 
Line 
Interior 217 kips 
P* 
End 135 kips End 135 kips 
Punching 
Shear 
Interior 362 kips Punching 
Shear 
Interior 362 kips 
End 289 kips End 289 kips 
Anchorage 1-in. Asphalt Keyway P* 1-in. Asphalt Keyway P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table L-9. North Carolina 52-in. Single-Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 267 kips 
P* ≥ 80 kips 
Yield 
Line 
Interior 267 kips 
P* 
End 148 kips End 148 kips 
Punching 
Shear 
Interior 434 kips Punching 
Shear 
Interior 434 kips 
End 320 kips End 320 kips 
Anchorage 1-in. Asphalt Keyway P* 1-in. Asphalt Keyway P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Ohio type B and B1 Single-Slope Barriers 
 
 
Figure M-1. Ohio DOT Type B Single-Slope Barrier 
 
 
Figure M-2. Ohio DOT Type B1 Single-Slope Barrier 
 The Ohio DOT Type B and B1 barriers are 42-in. and 57-in. tall, single concrete 
barriers. The barriers have a 10.8-degree single-slope traffic face. The barriers are only 
reinforced at end sections. The barriers are vertically reinforced at end sections with No. 4 
stirrups at a variable spacing of 6-in. and 24 in. Longitudinal reinforcement at end sections 
is provided to the barriers by four rows of two No. 5 bars and single No. 5 bar placed near 
the top of the barrier. The longitudinal reinforcement is evenly spaced over the height of 
the barrier. At end sections and expansion joints a 9-in. depth by 15 ft length concrete end 
anchorage system is also prescribed for both barrier types. Anchorage can be provided by 
three methods. The methods include a 1 in. asphalt keyway, a 4 in. concrete pavement 
keyway, and staggered No. 8 dowel bars into existing concrete pavement. Design details 




with a 1-in. asphalt keyway has been successfully crash tested to MASH test designation 
no. 3-11 in test no. OSSB-1 [5]. Additionally, during the crash testing of the Type B barrier 
researchers justified that the other 4-in. concrete keyway and staggered No. 8 dowel bar 
anchorages were less critical than the 1-in. asphalt keyway anchorage system. Therefore, 
the Type B barrier is believed to be crashworthy to MASH TL-3  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42 in. and 57 in. Type B and Type B1 have the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of the Type B and B1 barriers have 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type B and B1 barriers for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table M-1 below. Note, the load into a TL-
4 barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 

















TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Unfortunately, due to a lack of reinforcement, a Yield Line Analysis could not be 
conducted at interior sections. Yield Line Analysis was only conducted at end sections. 
Yield Line Analysis of the of the end sections for the Type B and Type B1 barriers was 
determined to be 76 kips and 97 kips, respectively. Therefore, the Type B barrier at end 
sections only has the required strength to withstand MASH TL-3 impacts. 
In addition, the Type B and B1 barriers were analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear analysis included the resistance of 
the concrete and vertical steel reinforcement. The punching shear capacity of the Type B 
barriers at interior and end sections was 397 kips and 315 kips, respectively. The punching 
shear capacity of the Type B1 barriers at interior and end sections was 650 kips and 484 
kips, respectively. Therefore, the Type B and B1 barriers satisfy MASH TL-4 loading 
criteria for end sections but may not be adequate at interior sections due to the lack of 
reinforcement. 
Therefore, additional comparison was conducted between applicable MASH crash 
testing and the details of the Type B and Type B1 barriers to determine compliance to 
MASH 2016. Unfortunately, no crash testing has been conducted on unreinforced barriers 
with dowel bar anchorage. However, MASH test designation no. 3-10 was performed on 
the California Type 60 barrier in test no. 140MASH3C16-04 [9] which featured only an 
end anchorage system. In test no. 140MASH3C16-04, a 36-in. tall, 9.1-degree single-slope 
concrete barrier was crash tested to MASH test designation no. 3-10. The section was 
longitudinally reinforced with four rows of two No. 5 rebar, and was vertically reinforced 
at the ends with No. 4 stirrups spaced at 6 in. The end anchorage consisted of a 10-in. deep 
by 9.8-ft long footing reinforced longitudinally by two rows of two No. 5 bars. Damage to 
the barrier was minimal, and all occupant risk values were within MASH limits. The barrier 
successfully contained and redirected the barrier according to MASH test designation no. 
3-10. The end anchorage of the Type 60 barrier is like that of the Type B and B1 barriers 
however, the Type 60 barrier is also longitudinally reinforced. Additionally, the test was 
only conducted on the least impact severity of either MASH TL-3 or TL-4. Therefore, 
further justification was needed to justify the use of dowel bar anchorage with the barriers. 
Unfortunately, due to the lack of vertical reinforcement being provided in the Type 
B and B1 barriers, the barriers strength and anchorage could not be adequately assessed for 
interior sections utilizing computational methods. Additionally, no crash tests currently 




bars or asphalt keyways. However, dowel bar anchorage have been crash tested to MASH 
test designation no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an 
asphalt keyway anchorage with an unreinforced barrier has been crash tested to MASH test 
designation no. 3-11 in test no. OSSB-1 for which researchers deemed that dowel bar 
anchorage and concrete keyways would provide greater anchorage than an asphalt keyway 
anchorage system [5]. An additional asphalt keyway system has been crash tested to 
MASH test designation no. 4-12 in test no. 469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [9]. 
Details of the crash tested systems and the Ohio Type B and B1 barrier are provided 
in Table M-2 and Table M-3.  
The Type B had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type B had greater weight and therefore overturning 
stability than that of test no. 469689-2-2 which is believed to offset the 5 in. height 
differential which has propensity to cause increased impacting moment. Additionally, both 
dowel bar systems were embedded 6 in. into the concrete pavement but the transition 
section extended 15 in. up in to the barrier versus 12 in. in the Type B. However, the barrier 
system in test no. 469689-2-2 only had one dowel compared to two at each spacing for the 
Type B, and the spacing for the Type B dowels were spaced at 4 ft versus 8 ft for the crash 
tested transition. Additionally, the Type B with asphalt keyway crash tested in test no. 




system. Therefore, due to the increased weight and the lesser spacing of dowel bars of the 
Type B, the Type B with dowel bars is believed to have equivalent or less critical strength 
and anchorage than the MASH TL-3 crashworthy transition, and therefore is believed to 
have the required strength and anchorage to be crashworthy to MASH TL-3 with the 
specified dowel bar anchorage. Additionally, the strength of the 4 in. concrete keyway 
anchorage is believed to be far greater than that of the asphalt keyway and thus the 4-in. 
concrete keyway is also perceived to be crashworthy to MASH TL-3. 























Anchorage Depth 1 in. 1 in. 21 in. (6 in.) 
2 x 12 in. 
(6 in.) 
1 in. 4 in. 
Anchorage 
Spacing 
Continuous 9 ft 8 ft 4 ft Continuous Continuous 
Base Width 283/8 in. 24 in. 18 in. 28 in. 
Top Width 12 in. 8 in. 10 in. 12 in. 




14 x D17.9 
WWR 
10 x No. 5 Unreinforced 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 677 plf 522 plf2 846 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 391 ft-lb. 987 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 140 kip-ft 200 kip-ft 
 
The Type B1 barrier also had similar details to that of the system crash tested in 
test no. OSSB-1. The geometry of the Type B1 Barrier is 14 in. taller, but the same width 
at the top and 5⅜ in wider at the bottom than the barrier tested in test no. OSSB-1. Although 
the Type B1 barrier is unreinforced, it is 14 in. taller than, and 4 in. and 9 ¾ in. wider at 
the top and bottom, respectively, than the barrier crash tested in test no. 469467-3-1. 
Therefore, it is expected that the Type B1 barrier possesses far greater mass than the crash 
tested systems and therefore greater strength resistance than the system in test no. OSSB-
1 and 469467-3-1, although the greater height may induce increased impact forces. 
However, due to the unreinforced nature of the interior sections of the barrier it is difficult 
to compare the likely behavior to the reinforced concrete barrier in test no. 469467-3-1. 
Therefore, the asphalt keyway configuration of the Type C Median Barrier may provide 




confidently be deemed crashworthy to MASH 2016 TL-4 standards. However, the 
increased mass of the barrier is believed to offset the effect of greater impact forces due to 
a height increase and therefore, the Type B1 barrier with a 1-in. asphalt keyway is believed 
to be crashworthy to MASH 2016 TL-3. 
The Type B1 had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type B1 had greater weight and therefore overturning 
stability than that of test no. 469689-2-2 which is believed to offset the 20 in. height 
differential which has propensity to cause increased impacting moment. Additionally, both 
dowel bar systems were embedded 6 in. into the concrete pavement but the transition 
section extended 15 in. up in to the barrier versus 12 in. in the Type B1. However, the 
barrier system in test no. 469689-2-2 only had one dowel compared to two at each spacing 
for the Type B1, and the spacing for the Type B1 dowels were spaced at 4 ft versus 8 ft for 
the crash tested transition. Additionally, the Type B1 with asphalt keyway crash tested in 
test no. OSSB-1 was considered to have more critical anchorage than a dowel bar 
anchorage system. Therefore, due to the increased weight and the lesser spacing of dowel 
bars of the Type B1, the Type B1 with dowel bars is believed to have equivalent or less 
critical strength and anchorage than the MASH TL-3 crashworthy transition, and therefore 
is believed to have the required strength and anchorage to be crashworthy to MASH TL-3 
with the specified dowel bar anchorage. Additionally, the strength of the 4 in. concrete 
keyway anchorage is believed to be far greater than that of the asphalt keyway and thus the 



























Anchorage Depth 1 in. 1 in. 21 in. (6 in.) 
2 x 12 in. 
(6 in.) 
1 in. 4 in. 
Anchorage 
Spacing 
Continuous 9 ft 8 ft 4 ft Continuous Continuous 
Base Width 283/8 in. 24 in. 18 in. 33¾ in. 
Top Width 12 in. 8 in. 10 in. 12 in. 




14 x D17.9 
WWR 
10 x No. 5 Unreinforced 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 677 plf 522 plf2 1313 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 391 ft-lb. 1846 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 
 
 Based on this evaluation of height, geometry, anchorage, and strength, the Ohio 
Type B and B1 barriers are only believed to be crashworthy and in compliance with MASH 
2016 TL-3 with a 1 in. asphalt keyway, 4-in. concrete keyway, and . Unfortunately, due to 





Table M-4. Ohio Type B Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 76 kips End 76 kips 
Punching 
Shear 
Interior 397 kips Punching 
Shear 
Interior 397 kips 
End 315 kips End 315 kips 
Anchorage 
1-in. Asphalt Keyway P* 1-in. Asphalt Keyway I 
4-in. Concrete Keyway P* 4-in. Concrete Keyway I 
Dowel Bars P* Dowel Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table M-5. Ohio Type B1 Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 97 kips End 97 kips 
Punching 
Shear 
Interior 650 kips Punching 
Shear 
Interior 650 kips 
End 484 kips End 484 kips 
Anchorage 
1-in. Asphalt Keyway P* 1-in. Asphalt Keyway I 
4-in. Concrete Keyway P* 4-in. Concrete Keyway I 
Dowel Bars P* Dowel Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure M-3. Ohio Type D Median Barrier Details 
The Ohio DOT Type D Roadside Barrier is a 42-in. tall concrete barrier. The barrier 
has a 10.8-degree single-slope traffic face. The top width of the barrier is 8 in. and the 
bottom width is 20 in. The barrier is vertically reinforced at its end sections with No. 4 
stirrups at spaced between 4-in. and 24-in. No vertical reinforcement is provided at interior 
sections. Longitudinal reinforcement is provided in the end sections by nine No. 5 bars 
vertically evenly spaced in the cross-section. The barrier can be anchored by a 1-in. asphalt 
keyway with the non-traffic side being tapered or by a single 12-in. No. 8 bars spaced at 
45 in. Basic design details for the Type D Roadside Barrier are shown in Figure M-3.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed and 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 




mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed and angle of 56 mph 
and 15 degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall Type D Roadside Barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions. 
The single-slope geometry of the Type D Roadside Barrier has been successfully 
MASH crash tested during impacts with the four passenger vehicles. In test no. 405160-
13-1, a 32-in. tall, 10.8-degree single-slope concrete barrier was successfully crash tested 
to MASH test designation no. 4-11 [4]. A 42-in. tall, single-slope concrete barrier was 
successfully crash tested to MASH test designation no. 4-11 within test no. OSSB-1 [5]. 
Also, a 36-in. tall, 11-degree single-slope concrete barrier was tested to MASH test 
designation no. 4-11 in test no. 420020-3 [6]. In all three of the MASH test designation no. 
4-11 crash tests, the MASH evaluation criteria was successfully met. Additionally, a 36-
in. tall, single-slope barrier with a steeper 9.1-degree slope has been successfully tested to 
MASH test designation no. 4-10 during test no. 140MASH3C16-04 [7]. Thus, the 
geometry of a 42-in. tall, single-slope concrete barrier has demonstrated the ability to 
smoothly redirect both 1100C and 2270P vehicles without causing instabilities, excessive 
vehicle deformations, or excessive vehicle decelerations.  
To analyze the Type D Median Barrier for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in Table M-6 below. Note, the load into a TL-
4 barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 
5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. Additionally, the 
lack of reinforcement at the interior of the barrier section made Yield Line Theory 
inapplicable. Therefore, only the end sections of the Type D Roadside Barrier could be 
analyzed computationally, and the interior sections were analyzed using the method of 
direct comparison. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 





 Yield Line Analysis of the Type D Roadside barrier was determined to be 51 kips 
for end sections adjacent to discontinuities (expansion gaps and joints). Therefore, the 
barrier strength at the ends sections does not meet not meet the loading criteria for MASH 
TL-3 or TL-4.  
In addition, the Type D Median Barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear strength was determined at interior 
and end sections of the barrier.. The punching shear capacity of the barrier at interior and 
end sections was 253 kips and 323 kips, respectively. Therefore, the Type D Median 
Barrier satisfies MASH TL-3 and TL-4 loading criteria at interior and end sections for 
punching shear. 
Unfortunately, due to failure to meet the loading criteria at end sections and the 
lack of reinforcement being provided in the Type D barrier, the barriers strength and 
anchorage could not be adequately assessed utilizing computational methods. Additionally, 
no crash tests currently exist for barriers with no reinforcement at interior sections with 
dowel bars. However, dowel bar anchorage have been crash tested to MASH test 
designation no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an 
asphalt keyway anchorage with an unreinforced barrier has been crash tested to MASH test 
designation no. 3-11 in test no. OSSB-1 for which researchers deemed that dowel bar 
anchorage would provide greater anchorage than an asphalt keyway anchorage system [5]. 
An additional asphalt keyway system has been crash tested to MASH test designation no. 
4-12 in test no. 469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 




experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [10]. 
Details of the crash tested systems and the Ohio Type D barrier are provided in 
Table M-7.  
The Type D had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type D had greater weight and therefore overturning 
stability than that of test no. 469689-2-2 which is believed to offset the 5 in. height 
differential which has propensity to cause increased impacting moment. Additionally, both 
dowel bar systems were embedded 6 in. into the concrete pavement but the transition 
section extended 15 in. up in to the barrier versus 6 in. in the Type D. However, the barrier 
system in test no. 469689-2-2 and the Type D barrier had only one dowel bar per spacing, 
but the spacing for the Type D were spaced at 4 ft versus 8 ft for the crash tested transition. 
Additionally, the unreinforced barrier with asphalt keyway crash tested in test no. OSSB-
1 was considered to have more critical anchorage than a dowel bar anchorage system. 
Therefore, due to the increased weight and the lesser spacing of dowel bars of the Type D, 
the Type D is believed to have equivalent or less critical strength and anchorage than the 
MASH TL-3 crashworthy transition, and therefore is believed to have the required strength 
and anchorage to be crashworthy to MASH TL-3 with the specified dowel bar or epoxied 
rebar anchorage. 
The Type D barrier also had similar details to that of the system crash tested in test 
no. OSSB-1. The geometry of the Type D Median Barrier is the same height, but 8⅜ in. 
less wide at the bottom than the barrier tested in test no. OSSB-1 but is 4-in. wider at the 
top and 4-in. less wide at the bottom than the barrier crash tested in test no. 469467-3-1. 
Therefore, it is expected that the Type D barrier would possess less mass than the crash 
tested systems and therefore less strength resistance than the system in test no. OSSB-1. 
Additionally, the Type D Roadisde Barrier is unreinforced at interior sections similar to 
the system crash tested in test no. OSSB-1, but I s unlike the reinforced system crash tested 
in test no. 469467-4-1. Additionally, the asphalt keyway configuration provided by the 
Type D Median Barrier has 1-in. depth the same as the successfully crash tested in test nos. 
OSSB-1 and 469467-4-1, but is tapered on the non-traffic side. Therefore, the asphalt 
keyway configuration of the Type D Roadside Barrier may provide adequate impact 
resistance, but without further research the strength and anchorage resistance cannot 
























Anchorage Depth 1 in. 1 in. 21 in. (6 in.) 
12 in.  
(6 in.) 




Continuous Continuous 8 ft 4 ft Continuous 
Base Width 283/8 in. 24 in. 18 in. 20 in. 
Top Width 12 in. 8 in. 10 in. 12 in. 




14 x D17.9 
WWR 
10 x No. 5 Unreinforced 
Vertical 
Reinforcement 
Unreinforced D9.4 WWR 
2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 677 plf 522 plf2 677 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 677 ft-lb. 391 ft-lb. 564 ft-lb. 
Overturning 
Demand 
140 kip-ft 200 kip-ft 200 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
 Based on this evaluation of height, geometry, anchorage, and strength, the Ohio 
Type D Roadside Barrier is not believed to be crashworthy or in compliance with MASH 
2016 TL-4. However, the Ohio Type D Roadside Barrier is believed to be crashworthy and 




Table M-8. Ohio Type D Roadside Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 51 kips End 51 kips 
Punching 
Shear 
Interior 323 kips Punching 
Shear 
Interior 323 kips 
End 253 kips End 253 kips 
Anchorage 
1 in. Asphalt Keyway and Taper I 1 in. Asphalt Keyway and Taper I 
No. 8 Dowel Bars P* No. 8 Dowel Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure N-1. South Carolina DOT Type 36 SS, 46 SS and 56 SS 
 The South Carolina DOT Type 36 SS, 46 SS and 56 SS are a series of single-slope 
barriers possessing a base width of 24 in. and heights of 36 in., 46 in. and 56 in., 
respectively. The barriers have a 9.1-degree single-slope traffic face. The barriers are 
vertically reinforced with No. 3 stirrups at a spacing of 24-in. Additional No.6 vertical 
reinforcement is provided between spacings of interior reinforcement within the last 6 ft at 
end sections. Longitudinal reinforcement varies dependent on the type of the barrier. The 
Type 36SS and 46SS are longitudinal reinforced with four rows of two No.6 reinforcing 
bars and an additional No. 6 bar located at the top of the barrier. They Type 56SS has two 
alternatives for longitudinal reinforcement, six rows of two No. 5 bars spaced at 8 in. O.C. 
or nine rows of No.4 bars spaced at 5 in. O.C. Note, each alternative for the Type 56SS has 
an additional No. 5 or No. 4 bar located at the top of the barrier, respectively.  
The South Carolina standard details specify five separate anchorage configurations 
for the barrier series. The anchorage configurations included a 4-in. continuous rigid or 
flexible pavement keyway, a 10 in. by 10 ft concrete footing end anchorage, a 12-in. 
continuous monolithic footing, No. 6 hooked bar spaced at 5 in. O.C. into concrete deck, 
and a No. 6 straight bar epoxied into concrete deck at 5 in. O.C. In both the bar anchorage 
options the bar must extend up into the barrier a minimum of 21 in. Design details for all 
configurations of the barriers are shown in Figure N-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 




and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the Type 36SS, 46SS and 56SS possess the required height 
to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometrys has been successfully MASH crash tested 
during impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. 10.8-
degree single-slope concrete barrier was successfully crash tested to MASH test 
designation no. 4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash 
tested to MASH test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 
11-degree single-slope concrete barrier was tested to MASH test designation no. 4-11 in 
test no. 420020-3 [6]. In all three of the MASH test designation no. 4-11 crash tests, the 
MASH evaluation criteria was successfully met. Additionally, a 36-in. tall, single-slope 
barrier with a steeper 9.1-degree slope has been successfully tested to MASH test 
designation no. 4-10 during test no. 140MASH3C16-04 [7]. Thus, the geometry of the 
single-slope concrete barriers has demonstrated the ability to smoothly redirect both 1100C 
and 2270P vehicles without causing instabilities, excessive vehicle deformations, or 
excessive vehicle decelerations.  
To analyze the single-slope barriers for strength and anchorage capacity, a Yield 
Line analysis was conducted similar to the method described by AASHTO LRFD Bridge 
Design Specifications [8]. However, the load requirements within that document have not 
yet been updated to reflect MASH impact loads. Those loads have been determined as part 
of NCHRP Project 22-20(2) and are shown in 0 below. Note, the load into a TL-4 barrier 
at 36-in. in height is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was 
utilized as the Lt term in the Yield Line equations for the Type 36SS barrier. Also note, the 
load into a TL-4 barrier greater than 36-in. in height is estimated at 80 kips over a 
longitudinal length of 5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations 
for the Type 46SS and 56SS barriers. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the Type 36SS, 46SS and 56SS was determined to be 127 
kips, 111 kips and 104 kips for interior sections and 114 kips, 101 kips and 96 kips for end 
sections adjacent to discontinuities (expansion gaps and joints), respectively. Note, only 
the critical strength was recorded for the two alternative reinforcements of the Type 56SS 
barrier. 
In addition, the Type 36SS, 46SS and 56SS were analyzed for strength through a 




Bridge Design Specifications [8]. The punching shear capacity of the barrier at was 273 
kips, 269 kips and 273 kips at interior sections and 209 kips, 214 kips and 214 kips, 
respectively. Therefore, the shoulder barrier satisfies MASH TL-4 loading criteria for 
interior sections and at discontinuities. 
Since the Yield Line Analysis yielded favorable results for all barriers, it is believed 
that the anchorage systems with embedded and epoxied bars would be crashworthy to 
MASH 2016 TL-4. However, the other detail anchorage systems required further 
investigation to justify crashworthiness to MASH 2016. 
Unfortunately, only a single MASH crash test has been performed on a barrier 
featuring only an end anchorage footing. In test no. 140MASH3C16-04, a 1100C passenger 
car test vehicle was successfully crash tested to MASH test designation no. 3-10 [7]. The 
barrier was anchored at its ends by a monolithic 24 in. by 10 in. by 10 ft footing. The same 
end anchorage described for the South Carolina single-slope barriers. No interior 
anchorage or interior vertical reinforcement was provided, and the barrier was 
longitudinally reinforced by four rows of two No. 5 reinforcing bars. However, since the 
test was conducted as MASH test designation no. 3-10, the lowest impact severity of this 
study, it was difficult to determine the behavior of the system at higher impact severities. 
Therefore, it could not be adequately determined that permanent concrete barriers featuring 
only end anchorage footing systems would be crashworthy to MASH TL-3 or TL-4 with 
the current field of analysis methods and crash testing. 
Asphalt keyway anchorages have been crash tested on two separate occasions to 
MASH test designation nos. 3-11 and 4-12 in test nos. OSSB-1 and 469467-3-1. 
In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
In test no. 469467-3-1, a 42-in. tall, 10.8-degree single-slope concrete barrier was 
crash tested to MASH test designation no. 4-12. The barrier was 8 in. and 24-in. wide at 
the top and bottom, respectively. The section was longitudinally reinforced and vertically 
reinforced with seven rows of two D19.7 WWR and D9.4 WWR spaced on center at 8 in. 
The system was anchored with a 1-in. thick by 9-in. wide asphalt keyway. The barrier 
experience minimal damage, negligible permanent set deflection, and all occupant risk 
values were within MASH limits. The barrier successfully contained and redirected the 
barrier according to MASH test designation no. 4-12 [9]. 
A comparison of the system details and the details of the Type 36SS, 46SS and 


















Keyway Depth 1 in. 1 in. 4 in. 4 in. 4 in. 
Keyway Width 8 ft 9 ft Unspecified Unspecified Unspecified 
Base Width 28 3/8 in. 24 in. 24 in. 24 in. 24 in. 
Top Width 12 in. 8 in. 127/16 in. 93/16 in. 6 in. 





14 x D17.9 
WWR 
9 x No. 6 9 x No. 6 
13 No. 5 






No. 3 at 24 
in. O.C. 
No. 3 at 24 
in. O.C. 
No. 3 at 24 
in. O.C.  
Section Weight 874 plf 677 plf 660 plf 768 plf 846 plf 
Overturning 
Stability per Foot 




200 kip-ft 200 kip-ft 146 kip-ft 200 kip-ft 200 kip-ft 
 
The Type 36SS, 46SS and 56SS barriers specify an asphalt keyway that is 3 in. 
greater than that of either of the tested systems. This may provide a far greater resistance 
to movement of the barrier at the base than the tested systems. Additionally, all the South 
Carolina barriers provide significant reinforcement in the barriers, and the barriers have the 
same base width as the barrier in test no. 469467-3-1. 
The Type 36SS barrier is 6 in. shorter than the barrier tested in test no. 469467-3-
1. Shorter barriers have been shown to induce less force from an impact, corresponding to 
a possible reduction in required anchorage. Therefore, since the Type 36SS barrier provides 
a 4 in. asphalt keyway it is expected that the Type 36SS barrier with asphalt keyway would 
be crashworthy to MASH TL-4 standards.  
They Type 46SS barrier is 4 in. taller than the barrier tested in test no. 469467-3-1. 
Therefore, it is expected that the impact force may be somewhat greater than what was 
tested on a 42 in. barrier. However, the asphalt keyway is 3 in. greater than that of test no. 
469467-3-1 and the barrier has a greater mass as evidenced by the dimensions of the barrier. 
The mass inertial resistance of barriers is suspected to contribute greatly to configurations 
featuring minimal anchorage. Therefore, due to the far greater depth of the asphalt keyway 
used with the Type 46SS barrier and increased mass it is believed that the 4 in. asphalt 
keyway would be crashworthy to MASH TL-4. 
The Type 56SS barrier is 14 in. taller than the tested in test no. 46467-3-1. 
Therefore, it is expected that the impact forces may be significantly greater than what was 
tested on a 42 in. barrier. However, even though the top width is 2 in. less wide than the 




barrier. Additionally, the asphalt keyway is 3 in. greater than the 1 in. asphalt keyway tested 
which is believed to provide a much greater impact resistance. Therefore, it is expected 
that the Type 56SS barrier would be crashworthy to MASH TL-4 standards with a 4 in. 
asphalt keyway. 
The standard details for the Type 36SS, 46SS and 56SS also specify the use of 4 in. 
concrete pavement keyway. The asphalt keyway is expected to provide a great decrease in 
capacity when compared to a concrete pavement keyway due to the flexible and rigid nature 
and strength of the two pavement types. Therefore, a 4 in. concrete pavement keyway was 
also expected to be crashworthy to MASH TL-4 standards with the Type 36SS, 46SS and 
56SS. 
Another anchorage configuration described within the standard details of the Type 
36SS, 46SS and 56SS is a 12 in. monolithic continuous footing.  
TL-4 finite element crash test simulations have been conducted on similar concrete 
beam foundations [10]. These simulations showed that a 36 in. single-slope half section 
barrier attached to this foundation at a segment length of 50 ft with a depth of only 10 in. 
was adequate for MASH TL-4. A comparison of the Type 36SS, 46SS, and 56SS barriers 
to the MASH TL-4 FE simulations [10] and a MASH test designation no. 3-11 crash test 
[11], test no. 405160-13-1, is provided in Table N-3. 
















TL-4 FE1 36 in. 19 in. 33 in. 30 ft 1V:2H 1 ft 
TL-4 FE1 36 in. 18 in. 27 in. 50 ft N/A N/A 
TL-4 FE1 36 in. 13 in. 10 in. 50 ft N/A N/A 
TL-3 CT2 32 in. 24 in.3 10 in. 20 ft 1.5V:2H 2 ft 
Type       
SC Type 36 SS 36 in. 24 in. 12 in. Unspecified Unspecified N/A 
SC Type 46 SS 46 in. 24 in. 12 in. Unspecified Unspecified N/A 
SC Type 56 SS 56 in. 24 in. 12 in. Unspecified Unspecified N/A 
1FE stands for Finite Element Analysis 
2CT stands for Crash Test 
3Base width is battered and follows slope of barrier 
 
 A successful MASH TL-4 FE simulation has been performed on continuous footing 
with a depth and width of 10 in. and 13 in., respectively. The simulated footing was 
conducted on a 36 in. tall half-section barrier with a segment length of 50 ft. The Type 36 
SS, 46 SS and 56 SS barriers would provide a footing 2 in. deeper than the simulation while 
also providing a base width 11 in. wider than the simulated barrier. Even though the 46 SS 
and 56 SS barriers display increased height which would increase impact forces they also 
provide greater resistance due to increased mass of the system. Therefore, the addition of 
depth and width in the continuous footing would surely increase the resistance to failure of 




barriers would be crashworthy to MASH TL-4 with a 12 in. continuous footing at a segment 
length of 50 ft or greater.  
Based on this evaluation of height, geometry, anchorage, and strength, the South 
Carolina Type 36SS, 46SS and 56SS barriers are believed to be crashworthy and in 
compliance with MASH 2016 TL-4 in some configurations. However, some of the 





Table N-4. South Carolina Type 36SS Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 127 kips 
P* ≥ 70 kips 
Yield 
Line 
Interior 127 kips 
P* 
End 114 kips End 114 kips 
Punching 
Shear 
Interior 273 kips Punching 
Shear 
Interior 273 kips 
End 209 kips End 209 kips 
Anchorage 
4-in. Pavement Keyway P* 4-in. Pavement Keyway P* 
End Anchor Footing I End Anchor Footing I 
Continuous Footing P* Continuous Footing P* 
Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table N-5. South Carolina Type 46SS Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 111 kips 
P* ≥ 80 kips 
Yield 
Line 
Interior 111 kips 
P* 
End 101 kips End 101 kips 
Punching 
Shear 
Interior 269 kips Punching 
Shear 
Interior 269 kips 
End 214 kips End 214 kips 
Anchorage 
4-in. Pavement Keyway P* 4-in. Pavement Keyway P* 
End Anchor Footing I End Anchor Footing I 
Continuous Footing P* Continuous Footing P* 
Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table N-6. South Carolina Type 56SS Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 104 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 104 kips 
P 
End 96 kips End 96 kips 
Punching 
Shear 
Interior 273 kips Punching 
Shear 
Interior 273 kips 
End 214 kips End 214 kips 
Anchorage 
4-in. Pavement Keyway P* 4-in. Pavement Keyway P* 
End Anchor Footing I End Anchor Footing I 
Continuous Footing P* Continuous Footing P* 
Reinforcement P Reinforcement P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of South Dakota DOT Retrofit Bridge Rail 
 
 
Figure O-1. South Dakota DOT Retrofit Bridge Rail Details 
 The South Dakota DOT Retrofit Bridge Rail is a 22-in. tall vertical reinforced 
concrete barrier with a 10-in. parapet for a total height of 32 in. The barrier is 10 in. thick 
at the top and due to the parapet takes on a similar shape as a New Jersey barrier. The 
barrier is vertically reinforced with a No. 4 stirrups at 18-in. spacing, and is anchored to 
the deck with two No. 6 bar spaced longitudinally at 18 in and 36 in. on the traffic side and 
non-traffic side faces, respectively. Longitudinal reinforcement in the retrofit barrier 
consists of seven No. 4 bars. The parapet was assumed to be anchored to the deck by a No. 
4 stirrup spaced 18 in. longitudinally. Design details for the retrofit barrier are shown in 
Figure O-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-lb 
pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph and 
25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that TL-3 concrete barriers with 
a height of only 30 in. can contain the 2270P test vehicle and prevent override [2]. 
However, New Jersey and F-Shape barriers have only been constructed at a minimum 
height of 32 in. Therefore, for TL-3 impacts, New Jersey and F-Shape barriers must provide 
a minimum height of 32 in. Thus, the 32-in. tall South Dakota Retrofit Bridge Rail has the 




The barrier has similar charactersitics to both a vertical and New Jersey barrier. The 
New Jersey traffic face geometry has been successfully MASH crash tested during impacts 
with the two passenger vehicles. In test no. 2214NJ-1, a 32-in. tall, New Jersey concrete 
barrier was successfully crash tested to MASH test designation no. 3-10[3]. In test no. 
476460-1-4, a 32-in. tall vertical concrete barrier was successfully crash tested to MASH 
test designation no. 3-11 [4]. The retrofit barrier has a shorter and steeper inclined section 
than a New Jersey barrier and is thus expected to induce less vehicle climb than a similar 
New Jersey barrer. Additionally, in test nos. H34BR-1 and H34BR-2, a 34 in. tall vertical 
concrete barrier with minor asperities was successfully crash tested to MASH test 
designation no. 3-10 and 3-11 [5]. Vertical barriers are known to produce the highest 
vehicle deformations due to the absence of vehicle redirection due to a vertical traffic face 
shape. Therefore, since a New Jersey and vertical barrier have been successfully crash 
tested to MASH test designation nos. 3-10 and 3-11, it is believed that the retrofit barrier 
would also be crashworthy. Thus, the face geometry of the 34-in. tall retrofit barrier has 
demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.  
To analyze the retrofit barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [6]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table G-1 below. Note, the load into a TL-3 
barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus, 4 ft was utilized as 
the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the retrofit concrete barrier was conducted on the full barrier 
section as well as the upper section of the barrier. The full section had a strength of 87 kips 
for interior sections and 48 kips for end sections adjacent to discontinuities (expansion gaps 
and joints). Additionally, the upper section of the barrier displayed calculated strength of 
80 kips and 64 kips for interior and end sections, respectively. Note, the full section and 
upper section yield line analysis for the barrier end sections is below the required 70 kips 
need for TL-3 impacts. 
In addition, the retrofit bridge rail was analyzed for strength through a punching 
shear analysis conducted according to Section 5 of the AASHTO LRFD Bridge Design 
Specifications [6]. The punching shear capacity of the barrier was at the interior and end 




MASH TL-3 loading criteria for interior section, but lacks the necessary loading capacity 
at end sections. 
 Based on the evaluation of height, geometry, anchorage, and strength, the retrofit 




Table O-2. South Dakota Retrofit Bridge Rail Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 80 kips 
I ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End 48 kips End - kips 
Punching 
Shear 
Interior 151 kips Punching 
Shear 
Interior - kips 
End 118 kips End - kips 
Anchorage Reinforcement I Reinforcement N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Utah DOT 42-in. Constant Slope Concrete Median Barrier 
 
 
Figure P-1. Utah 42-in. Constant Slope Barrier 
 The Utah DOT Single-Slope Concrete Median Barrier is a 42-in. tall reinforced 
concrete barrier. The barrier has a 10.8-degree single-slope traffic face. The barrier is 
vertically reinforced with No. 5 stirrups at a maximum spacing of 120-in., but are not 
required if slip formed. Longitudinal reinforcement is provided to the barrier by four rows 
of two No. 5 bars vertically spaced at a maximum of 12 in. Anchorage for the system is 
provided by two No. 5 reinforcing bars extending into concrete pavement. Design details 
for the 42 in. barrier are shown in Figure P-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall, single-slope concrete barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 




test no. 140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the 42-in. tall, single-slope barrier for strength and anchorage capacity, 
a Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [8]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table P-1 below. Note, 
the load into a TL-4 barrier greater than 36-in. in height is estimated at 80 kips over a 
longitudinal length of 5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis was determined to be 172 kips for end sections adjacent to 
discontinuities (expansion gaps and joints). Note, due to the minimal vertical reinforcement 
at interior sections a Yield Line analysis was not conducted for these sections. 
In addition, the 42-in. tall, single-slope barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear capacity of the barrier at interior and 
end sections was 274 kips and 225 kips, respectively. Therefore, the 42-in. single-slope 
barrier satisfies MASH TL-4 loading criteria for interior sections and at discontinuities. 
Unfortunately, due to the lack of vertical reinforcement being provided in the 
concrete median barrier, the barriers strength and anchorage could not be adequately 
assessed for interior sections utilizing computational methods. Additionally, no crash tests 
currently exist for barriers with strictly longitudinal reinforcement at interior sections with 
dowel or reinforcing bars. However, epoxied reinforcing bar anchorage have been crash 
tested to MASH test designation no. 3-21 on a height and shape transition in test no. 
469689-2-2. Also, an asphalt keyway anchorage with an unreinforced barrier has been 
crash tested to MASH test designation no. 3-11 in test no. OSSB-1 for which researchers 
deemed that dowel bar anchorage would provide greater anchorage than an asphalt keyway 
anchorage system [5]. An additional asphalt keyway system has been crash tested to 
MASH test designation no. 4-12 in test no. 469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 




The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
Details of the crash tested systems and the Utah 42 in. Single-slope Concrete 
Median barrier are provided in Table P-2.  
The 42-in. tall, single-slope barrier had similar details to the crashworthy epoxied 
reinforcing bar transition. While containing less reinforcement, the single-slope barrier had 
greater weight and therefore overturning stability than that of test no. 469689-2-2 which is 
believed to offset the 5 in. height differential which has propensity to cause increased 
impacting moment. Additionally, both dowel bar systems were embedded 6 in. into the 
concrete pavement but the transition section extended 15 in. up in to the barrier versus 19 
in. in the single-slope barrier. Furthermore, the transition system in test no. 469689-2-2 
only had one dowel compared to two at each spacing for the single-slope barrier, and the 
spacing for the single-slope barrier dowels were spaced at 2 ft versus 8 ft for the crash 
tested transition. Additionally, the unreinforced barrier with asphalt keyway crash tested in 
test no. OSSB-1 was considered to have more critical anchorage than a dowel bar 
anchorage system. Therefore, due to the increased weight and the lesser spacing of dowel 
bars, the 42-in. Single-slope Concrete Median barrier is believed to have equivalent or less 
critical strength and anchorage than the MASH TL-3 crashworthy transition, and therefore 
is believed to have the required strength and anchorage to be crashworthy to MASH TL-3 















Dowels No. 5 Dowels 
Anchorage Depth 1 in. 21 in. (6 in.) 2x18 in. (6 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 
Base Width 283/8 in. 18 in. 24 in. 
Top Width 12 in. 10 in. 8 in. 
Height 43 in. 37 in.1 42 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 522 plf2 677 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 677 ft-lb. 
Overturning 
Demand 
140 kip-ft 140 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
Based on this evaluation of height, geometry, anchorage, and strength, the Type 42 
in. Single-Slope Concrete Median Barrier is believed to be crashworthy and in compliance 
with MASH 2016 TL-3 when anchored with the specified dowel bar anchorage. The barrier 
may also be crashworthy and in compliance with MASH TL-4, but due to a lack of or 
minimal vertical reinforcement in combination with dowel bar anchorage it is difficult to 






Table P-3. Utah 42-in. Single-Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 172 kips End 172 kips 
Punching 
Shear 
Interior 274 kips Punching 
Shear 
Interior 274 kips 
End 225 kips End 225 kips 
Anchorage No. 5 Reinforcing Bars P* No. 5 Reinforcing Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Utah DOT 42-in. Half Constant Slope Concrete Barrier 
 
 
Figure P-2. Utah 42-in. Half Constant Slope Concrete Barrier 
 The Utah DOT 42-in. Half Constant Slope Concrete Barrier is a 42-in. tall 
reinforced concrete barrier. The barrier has a 10.8-degree single-slope traffic face. The 
barrier is vertically reinforced with No. 5 stirrups at a maximum spacing of 120-in., but are 
not required if slip formed. Longitudinal reinforcement is provided to the barrier by four 
rows of two No. 5 bars vertically spaced at 11 in. Anchorage for the system is provided by 
two No. 5 reinforcing bars spaced at 24 in. extending into concrete pavement. Design 
details for the 42 in. barrier are shown in Figure P-2.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. tall, single-slope concrete barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 




test no. 140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the 42-in. tall, single-slope barrier for strength and anchorage capacity, 
a Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [8]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table P-4 below. Note, 
the load into a TL-4 barrier greater than 36-in. in height is estimated at 80 kips over a 
longitudinal length of 5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis was determined to be 108 kips for end sections adjacent to 
discontinuities (expansion gaps and joints). Note, due to the minimal vertical reinforcement 
at interior sections a Yield Line analysis was not conducted for these sections. 
In addition, the 42-in. tall, single-slope barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear capacity of the barrier at interior and 
end sections was 156 kips and 129 kips, respectively. Therefore, the 42-in. tall, single-
slope barrier satisfies MASH TL-4 loading criteria for interior sections and at 
discontinuities. 
Unfortunately, due to the lack of vertical reinforcement being provided in the 
concrete barrier, the barriers strength and anchorage could not be adequately assessed for 
interior sections utilizing computational methods. Additionally, no crash tests currently 
exist for barriers with strictly longitudinal reinforcement at interior sections with dowel 
bars. However, epoxied reinforcing bar anchorage have been crash tested to MASH test 
designation no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an 
asphalt keyway anchorage with an unreinforced barrier has been crash tested to MASH test 
designation no. 3-11 in test no. OSSB-1 for which researchers deemed that dowel bar 
anchorage would provide greater anchorage than an asphalt keyway anchorage system [5]. 
An additional asphalt keyway system has been crash tested to MASH test designation no. 
3-12 in test no. 469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 




was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
Details of the crash tested systems and the Utah 42 in. Half Constant Slope Concrete 
barrier are provided in Table P-5.  
The 42-in. tall half constant slope barrier had similar details to the crashworthy 
epoxied reinforced bar transition. The single-slope barrier had less reinforcement, less 
weight and therefore overturning stability than that of test no. 469689-2-2. However, the 
single-slope barrier has a 5 in. greater height on average, which would likely increase 
impact forces. Additionally, both reinforcing bar systems were embedded 6 in. into the 
concrete pavement but the transition section extended 15 in. up in to the barrier versus 12 
in. in the single-slope barrier. Furthermore, the transition system in test no. 469689-2-2 and 
the single-slope barrier had only one reinforcing bar anchorage, but the spacing for the 
single-slope barrier dowels were spaced at 2 ft versus 8 ft for the crash tested transition. 
Additionally, the unreinforced barrier with asphalt keyway crash tested in test no. OSSB-
1 was considered to have more critical anchorage than a dowel bar anchorage system. 
However, due to the spacing being the only factor that would provide increased stability 
when compared to the crashworthy transition section, it cannot be adequately determined 
that the half section constant slope barrier would provide adequate strength and anchorage 















No. 6 Rebar No. 5 Rebar 
Anchorage Depth 1 in. 21 in. (6 in.) 2x18 in. (6 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 
Base Width 283/8 in. 18 in. 17 in. 
Top Width 12 in. 10 in. 6 in. 
Height 43 in. 37 in.1 42 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 522 plf2 486 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 344 ft-lb. 
Overturning 
Demand 
140 kip-ft 140 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
Based on this evaluation of height, geometry, anchorage, and strength, the Utah 42 
in. Half Constant Slope Concrete Barrier is not believed to be crashworthy or in compliance 
with MASH 2016 TL-3 or TL-4 with the current body of knowledge when anchored with 





Table P-6. Utah 42-in. Half Constant Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
I ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 108 kips End 108 kips 
Punching 
Shear 
Interior 156 kips Punching 
Shear 
Interior 156 kips 
End 129 kips End 129 kips 
Anchorage No. 5 Reinforcing Bars I No. 5 Reinforcing Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Utah DOT 54-in. Constant Slope Concrete Median Barrier 
 
 
Figure P-3. Utah 54-in. Constant Slope Concrete Median Barrier 
 The Utah DOT Single-Slope Concrete Median Barrier is a 54-in. tall reinforced 
concrete barrier. The barrier has a 9.5 degree single-slope traffic face. The barrier is 
vertically reinforced with No. 5 stirrups at a maximum spacing of 120-in., but are not 
required if slip formed. Longitudinal reinforcement is provided to the barrier by one row 
of one and four rows of two No. 5 bars vertically spaced at a maximum of 10½ in. 
Anchorage for the system is provided by two No. 5 reinforcing bars extending into concrete 
pavement. Design details for the 54 in. barrier are shown in Figure P-3.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 54-in. tall, single-slope concrete barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 




test no. 140MASH3C16-04 [7]. Thus, the geometry of a 54-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the 54-in. tall, single-slope barrier for strength and anchorage capacity, 
a Yield Line analysis was conducted similar to the method described by AASHTO LRFD 
Bridge Design Specifications [8]. However, the load requirements within that document 
have not yet been updated to reflect MASH impact loads. Those loads have been 
determined as part of NCHRP Project 22-20(2) and are shown in Table P-7 below. Note, 
the load into a TL-4 barrier greater than 36-in. in height is estimated at 80 kips over a 
longitudinal length of 5 ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis was determined to be 192 kips for end sections adjacent to 
discontinuities (expansion gaps and joints). Note, due to the minimal vertical reinforcement 
at interior sections a Yield Line analysis was not conducted for these sections. 
In addition, the 54-in. tall, single-slope barrier was analyzed for strength through a 
punching shear analysis conducted in accordance with Section 5 of the AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear capacity of the barrier at interior and 
end sections was 333 kips and 262 kips, respectively. Therefore, the 42-in. single-slope 
barrier satisfies MASH TL-4 loading criteria for interior sections and at discontinuities. 
Unfortunately, due to the lack of vertical reinforcement being provided in the 
concrete median barrier, the barriers strength and anchorage could not be adequately 
assessed for interior sections utilizing computational methods. Additionally, no crash tests 
currently exist for barriers with strictly longitudinal reinforcement at interior sections with 
dowel bar anchorage. However, epoxied rebar anchorage has been crash tested to MASH 
test designation no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an 
asphalt keyway anchorage with an unreinforced barrier has been crash tested to MASH test 
designation no. 3-11 in test no. OSSB-1 for which researchers deemed that dowel bar 
anchorage would provide greater anchorage than an asphalt keyway anchorage system [5]. 
An additional asphalt keyway system has been crash tested to MASH test designation no. 
4-12 in test no. 469467-3-1.  
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 




The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [9]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [5]. 
Details of the crash tested systems and the Utah 54 in. Constant Slope Concrete 
Median barrier are provided in Table P-8.  
The 54-in. tall, single-slope barrier had similar details to the crashworthy epoxied 
rebar transition. While containing less reinforcement, the single-slope barrier had far 
greater weight and therefore overturning stability than that of test no. 469689-2-2 which is 
believed to offset the 17 in. height differential which has propensity to cause increased 
impacting moment. Additionally, both rebar systems were embedded 6 in. into the concrete 
pavement but the transition section extended 15 in. up in to the barrier versus 12 in. in the 
single-slope barrier. Furthermore, the transition system in test no. 469689-2-2 only had one 
dowel compared to two at each spacing for the single-slope barrier, and the spacing for the 
single-slope barrier rebar were spaced at 2 ft versus 8 ft for the crash tested transition. 
Additionally, the unreinforced barrier with asphalt keyway crash tested in test no. OSSB-
1 was considered to have more critical anchorage than a dowel bar anchorage system. 
Therefore, due to the increased weight and the lesser spacing of dowel bars, the 54-in. 
Constant Slope Concrete Median barriers is believed to have equivalent or less critical 
strength and anchorage than the MASH TL-3 crashworthy transition, and therefore is 
believed to have the required strength and anchorage to be crashworthy to MASH TL-3 















No. 6 Rebar No. 5 Rebar 
Anchorage Depth 1 in. 21 in. (6 in.) 2x18 in. (6 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 
Base Width 283/8 in. 18 in. 24 in. 
Top Width 12 in. 10 in. 8 in. 
Height 43 in. 37 in.1 42 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced 
Section Weight 874 plf 522 plf2 815 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 815 ft-lb. 
Overturning 
Demand 
140 kip-ft 140 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
Based on this evaluation of height, geometry, anchorage, and strength, the Utah 54 
in. Constant Slope Concrete Median Barrier is believed to be crashworthy and in 
compliance with MASH 2016 TL-3 when anchored with the specified rebar anchorage. 
The barrier may also be crashworthy and in compliance with MASH TL-4, but due to a 
lack of or minimal vertical reinforcement in combination with the anchorage it is difficult 






Table P-9. Utah 54-in. Half Constant Slope Concrete Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 172 kips End 172 kips 
Punching 
Shear 
Interior 274 kips Punching 
Shear 
Interior 274 kips 
End 225 kips End 225 kips 
Anchorage No. 5 Reinforcing Bars P* No. 5 Reinforcing Bars I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of Virginia DOT F-Shape Concrete Barrier 
 
       
 
Figure Q-1. Virginia DOT F-Shape Barrier Details 
 The Virginia DOT Concrete Median barrier is a 32-in. tall, F-Shape minimally 
reinforced concrete barrier. The barrier is 9¼ in. thick at the top and has a typical F-Shape 
traffic face configuration. The only reinforcement in the barrier is a No. 4 longitudinal 
reinforcing bar positioned on the symmetry line of the barrier 6 in. down from top of 
barrier. Design details for the F-Shape Concrete Barrier are shown in Figure Q-1.  
MASH TL-3 standards require a longitudinal barrier to satisfy safety performance 
criteria through two different vehicle impacts [1]. MASH test designation no. 3-10 consists 
of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed and angle of 
62 mph and 25 degrees, respectively. MASH test designation no. 3-11 consists of a 5,000-
lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 mph 
and 25 degrees, respectively.  
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations has shown that TL-3 concrete barriers with 
a height of only 30 in. can contain the 2270P test vehicle and prevent override [2]. 
However, due to the propensity for vehicle climb in New Jersey and F-Shape barriers, it is 
believed that these barriers should provide a minimum height of 32-in. Thus, the 32-in. tall 





The F-Shape geometry of the Type II barrier has also been successfully MASH 
crash tested during an impact with one pickup truck test vehicle. In test no. 469467-5-1, a 
32-in. F-Shape concrete barrier was successfully crash tested to MASH test designation 
no. 3-11 [3]. Unfortunately, a permanent F-shape barrier has yet to be MASH crash tested 
to test designation no. 3-10. However, F-shape barriers have been shown to induce less 
vehicle climb than New Jersey shape barriers due to the reduced toe section height. 
Therefore, since a New Jersey barrier has been successfully crash tested to MASH test 
designation no. 3-10 in test no. 2214NJ-1 it is believed that the less critical face shape of 
the F-shape would perform similarly or better. Additionally, in test no. H34BR-1, a 34 in. 
tall vertical concrete barrier with minor asperities was successfully crash tested to MASH 
test designation no. 3-10 [4]. Vertical barriers are known to produce the highest vehicle 
deformations due to the absence of vehicle redirection due to a vertical traffic face shape. 
Therefore, since a New Jersey and Vertical barrier have been successfully crash tested to 
MASH test designation no. 3-10, it is believed that an F-shape barrier would also be 
crashworthy. Thus, the geometry of a 32-in. tall, F-Shape concrete barrier has demonstrated 
the ability to smoothly redirect both 1100C and 2270P vehicles without causing 
instabilities, excessive vehicle deformations, or excessive vehicle decelerations. 
Unfortunately, the Virginia DOT concrete barrier’s minimal reinforcement 
combined with dowel bar anchorage and/or small monolithic footing disallow for a 
conventional yield line analysis according to AASHTO LRFD Bridge Design 
Specifications [5].  Therefore, analyzation of the Virginia DOT concrete barrier for 
strength and anchorage capacity was transitioned to direct comparison with a punching 
shear analysis according Section 5 of the AASHTO LRFD Bridge Design Specifications 
[5]. The punching shear analysis was compared to the updated loading requirements 
determined as part of NCHRP 22-20(02) shown in Table Q-1 below. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
The punching shear capacity of the median barrier at the interior and end sections 
was 155 kips and 124 kips, respectively. The punching shear capacity of the half section 
barrier at the interior and end sections was 136 kips and 108 kips, respectively. Note, the 
minimum design load for TL-3 barriers was determined to be 70 kips. Therefore, the 
median barrier and the half section barrier meet the TL-3 design loading for punching 
shear. 
For direct comparison, there currently exists no crash testing conducted on 
unreinforced or minimally reinforced F-shape barrier systems with dowel bar anchorage. 




barrier due to the perceived reduction of strength due to the slimmer upper section of the 
barrier. However, crash testing and finite element simulations resulting in successful crash 
tests of footings have applied to reinforced sections and footings of 10 in. depth or greater 
[7-8]. The half section detail of the Virginia DOT F-Shape specifies a footing of 18 in. 
depth. However, due to the minimal reinforcement of the barrier, the effects due to 
interaction between the impact and anchorage is unclear. Therefore, the anchorage systems 
of the Virginia DOT F-shape barrier cannot confidently be justified to MASH 2016 either. 
 Based on the evaluation of height, geometry, anchorage, and strength, the Virginia 
DOT F-shape barrier and F-shape half section barrier are believed to not be crashworthy 




Table Q-2. Virginia F-Shape Concrete Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
I ≥ 70 kips 
Yield 
Line 
Interior - kips 
N 
End - kips End - kips 
Punching 
Shear 
Interior 155 kips Punching 
Shear 
Interior - kips 
End 124 kips End - kips 
Anchorage 
Monolithic Footing I Monolithic Footing N 
Doweled Footing I Doweled Footing N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table Q-3. Virginia F-Shape Concrete Half-Section Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
I ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End - kips End - kips 
Punching 
Shear 
Interior 136 kips Punching 
Shear 
Interior - kips 
End 108 kips End - kips 
Anchorage 
Monolithic Footing I Footing N 
Doweled Footing I  N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure R-1. Wisconsin DOT Type S32, S36, S42 and S56 








 The Wisconsin DOT Type S32, S36, S42 and S56 are a series of single-slope 
barriers possessing a base width of 24 in. and heights of 32 in., 36 in., 42 in. and 56 in., 
respectively. The barrier is only vertically reinforced with six No. 4 stirrups spaced at 6 in. 
at the end anchorage. The end anchorage consists of a 10 ft long by 10 in. deep concrete 
footing monolithic with the barriers. Anchorage at interior sections is provided every 24 
in. by two No. 8 dowel bars and on bridge decks interior anchorage is provided by 10 in. 
by 24 in. No. 5 bent dowel bars. Longitudinal reinforcement is provided to each of the 
barriers according to Figure R-1 and Table R-1. Further design details for the barriers are 
shown in Figure R-1 and R-2.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override of MASH TL-4 crashes [2-3]. Thus, the Type S36, S42 and S56 barriers 
have the required height to contain the single unit truck under MASH TL-4 impact 
conditions. However, the Type S32 barrier does not obtain the adequate height to contain 
MASH TL-4 impact conditions, but previous FE simulations have shown that single-slope 
concrete barriers with a height of only 30 in. can contain the 2270P test vehicle and prevent 
override [4]. Thus, the Type S32 barrier has the required height to contain the pickup truck 
under MASH TL-3 impact conditions. 
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 
test no. 140MASH3C16-04 [7]. Thus, the geometry of a 42-in. tall, single-slope concrete 
barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the barriers for strength and anchorage capacity, a Yield Line analysis 
was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [9]. However, the load requirements within that document have not yet been 




NCHRP Project 22-20(2) and are shown in Table R-2 below. Note, the load into a TL-4 
barrier at 36 in. and greater than 36-in. in height is estimated at 70 and 80 kips over a 
longitudinal length of 4 ft and 5 ft, respectively. Thus, 4 ft and 5 ft were utilized as the Lt 
term in the Yield Line equations. Additionally, for the Type S32 barrier the load into a TL-
3 barrier is estimated at 70 kips over a longitudinal length of 4 ft. Thus 4 ft was utilized as 
the Lt term in the Yield Line equations. Unfortunately, due to the lack of vertical 
reinforcement at the interior sections, the Yield Line analysis was limited to the end 
sections with vertical reinforcement. However, for the barriers located on bridges, Figure 
32, No. 5 dowel bars extend 19 in. up into the barriers. Therefore, for the Type S32 an S36 
barriers where the dowel bars are provided at greater than half the height and the top width 
of the barriers were relatively thick it was believed that a conservative yield line analysis 
could be utilized. The conservative analysis was performed by conservatively assuming 
the cantilever moment capacity, Mc, at the top of the barrier was equal to zero. The 
cantilever moment capacity was then determined as the average of the moment capacities 
at the top and bottom of the barrier. Note, this analysis procedure was not considered to be 
virtuous on the Type S42 and S56 barrier. The dowel bars in these barriers would not attain 
heights greater than half of the respective barrier heights and the decreasing top widths 
increased concerns over the ductility and strength of the upper half of the barrier sections. 
Therefore, it was determined that this conservative method would not be applied to the 
barriers where the dowel bars did not achieve heights of at least half barrier height.  













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the end sections adjacent to discontinuities (expansion gaps 
and joints) for the Type S32, S36, S42 and S56 barriers was determined to be 176 kips, 167 
kips, 158 kips, and 152 kips, respectively. The conservative Yield Line Analysis for the 
interior sections of the Type S32 and Type S36 on bridge decks was determined to be 149 
and 148 kips, respectively. 
In addition, the barriers were analyzed for strength through a punching shear 
analysis conducted in accordance with Section 5 of the AASHTO LRFD Bridge Design 
Specifications [9]. The punching shear capacity of the Type S32 at interior and end sections 
was 337 kips and 259 kips, respectively. The punching shear capacity of the Type S36 at 
interior and end sections was 331 kips and 253 kips, respectively. The punching shear 
capacity of the Type S42 at interior and end sections was 321 kips and 256 kips, 
respectively. The punching shear capacity of the Type S56 at interior and end sections was 




Therefore, for the calculated strength values that could be computationally 
determined for the Type S32 and S36 on Bridge barriers satisfied the MASH TL-3 and TL-
4 loading criteria, respectively. However, since the yield line analysis could not be 
conducted at interior sections for all configurations of the four barriers, further justification 
were needed to determine the crashworthiness of the barriers Type S32, S36, S42 and S56 
both on and off bridges. 
Unfortunately, due to the lack of vertical reinforcement being provided in the Type 
S32, S36, S42, and S56 the barriers strength and anchorage could not be adequately 
assessed for interior sections utilizing computational methods. Additionally, no crash tests 
currently exist for barriers with strictly longitudinal reinforcement at interior sections with 
dowel bars. However, dowel bar anchorage has been crash tested to MASH test designation 
no. 3-21 on a height and shape transition in test no. 469689-2-2. Also, an asphalt keyway 
anchorage with an unreinforced barrier has been crash tested in test no. OSSB-1 for which 
researchers deemed that dowel bar anchorage would provide greater anchorage than an 
asphalt keyway anchorage system [6]. 
In test no. 469689-2-2, a transition section was crash tested to MASH test 
designation no. 3-21. The transition was designed for use between a 42 in. tall, single-slope 
concrete barrier and a 32 in. tall vertical concrete barrier, the TxDOT T221. The transition 
was vertically reinforced with No. 5 reinforcing stirrups spaced at 12 in. longitudinally. 
The concrete transition was longitudinally reinforced by five rows of two No. 5 reinforcing 
bars with the top row being angled consistent with height declination of the barrier. The 
transition was anchored by 21-in. long No. 6 reinforcing bars embedded 6 in. into concrete 
pavement using Hilti HIT-RE 500 V3 epoxy and spaced longitudinally at 8 ft. The 
anchorage spacing was reduced to 2 ft for the last three anchorage bars at each end of the 
system outside of the transition area. In test nos. 469689-2-2, all occupant risk values were 
within MASH limits, and the barrier transition successfully contained and redirected the 
test vehicles according to MASH test designation no. 3-21 [10]. 
 In test no. OSSB-1, a 42-in. tall 10.9-degree single-slope concrete barrier with a top 
width of 12 in. and bottom width of 28 in. was crash tested. The concrete barrier was 
entirely unreinforced in all directions and was anchored by a 1-in. thick by 8-ft. wide 
asphalt keyway. The crash test resulted in negligible permanent set displacement and all 
occupant compartment deformations were within the allowable limits established in 
MASH.  The barrier successfully contained and redirected the barrier according to MASH 
test designation no. 3-11 [6]. 
Details of the crash tested systems and the Type S32, S36, S42, and S56are 
provided in Table R-3 and Table R-4.  
The Type S32 had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type S32 had greater weight and therefore overturning 
stability than that of test no. 469689-2-2. Additionally, the Type S32 was embedded only 
4 in. whereas the crash tested dowels were embedded 6 in. and extending up into the barrier 
15 in. versus 4 in. in the Type S32. However, the barrier system in test no. 469689-2-2 only 
had one dowel compared to two at each spacing for the Type S32, and the spacing for the 
Type S32 dowels were spaced at 2 ft versus 8 ft for the crash tested transition. Also, the 4 
in. reduced height of the barrier would likely reduce the impact force resulting in lesser 
impact resistance being required when compared to the transition. Additionally, the 




to have more critical anchorage than a dowel bar anchorage system. Therefore, due to the 
increased weight and the lesser spacing of dowel bars of the Type S32, the Type S32 is 
believed to have equivalent or less critical strength and anchorage than the MASH TL-3 
crashworthy transition, and therefore is believed to have the required strength and 
anchorage to be crashworthy to MASH TL-3. 
The Type S36 had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type S36 had greater weight and therefore overturning 
stability than that of test no. 469689-2-2. Additionally, the Type S36 was embedded only 
4 in. whereas the crash tested dowels were embedded 6 in. and extending up into the barrier 
15 in. versus 4 in. in the Type S36. However, the barrier system in test no. 469689-2-2 only 
had one dowel compared to two at each spacing for the Type S36, and the spacing for the 
Type 36 dowels were spaced at 2 ft versus 8 ft for the crash tested transition. Additionally, 
the unreinforced barrier with asphalt keyway crash tested in test no. OSSB-1 was 
considered to have more critical anchorage than a dowel bar anchorage system. Therefore, 
due to the increased weight and the lesser spacing of dowel bars of the Type S36, the Type 
S36 is believed to have equivalent or less critical strength and anchorage than the MASH 
TL-3 crashworthy transition, and therefore is believed to have the required strength and 
anchorage to be crashworthy to MASH TL-3. 











Dowels No. 8 Dowels No. 8 Dowels 
Anchorage Depth 1 in. 21 in. (6 in.) 2x8 in. (4 in.) 2x8 in. (4 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 2 ft 
Base Width 283/8 in. 18 in. 24 in. 24 in. 
Top Width 12 in. 10 in. 14 in. 12½ in. 
Height 43 in. 37 in.1 32 in. 36 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced Unreinforced 
Section Weight 874 plf 522 plf2 612 plf 661 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 612 ft-lb. 661 ft-lb. 
Overturning 
Demand 
140 kip-ft 140 kip-ft 140 kip-ft 200 kip-ft 
1Average reported for the transition section 





The Type S42 had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type S42 had far greater weight and therefore 
overturning stability than that of test no. 469689-2-2 which is believed to offset the 5 in. 
height differential which has propensity to cause increased impacting force and moment. 
Additionally, the Type S42 was embedded only 4 in. and 5 in. whereas the crash tested 
dowels were embedded 6 in. and extending up into the barrier 15 in. versus 4 in. and 19 in 
the for the Type S42 both on and off bridges. However, the barrier system in test no. 
469689-2-2 only had one dowel compared to two at each spacing for the Type S42, and 
the spacing for the Type S42 dowels were spaced at 2 ft versus 8 ft for the crash tested 
transition. Additionally, the unreinforced barrier with asphalt keyway crash tested in test 
no. OSSB-1 was considered to have more critical anchorage than a dowel bar anchorage 
system. Therefore, due to the increased weight and the lesser spacing of dowel bars of the 
Type S42, the Type S42 is believed to have equivalent or less critical strength and 
anchorage than the MASH TL-3 crashworthy transition, and therefore is believed to have 
the required strength and anchorage to be crashworthy to MASH TL-3. 
The Type S56 had similar details to the crashworthy dowel bar transition. While 
containing less reinforcement, the Type S56 had far greater weight and therefore 
overturning stability than that of test no. 469689-2-2 which is believed to offset the 19 in. 
height differential which has propensity to cause increased impacting force and moment. 
Additionally, the Type S42 was embedded only 4 in. and 5 in. whereas the crash tested 
dowels were embedded 6 in. and extending up into the barrier 15 in. versus 4 in. and 19 in 
the for the Type S56 both on and off bridges. However, the barrier system in test no. 
469689-2-2 only had one dowel compared to two at each spacing for the Type S56, and 
the spacing for the Type S56 dowels were spaced at 2 ft versus 8 ft for the crash tested 
transition. Additionally, the unreinforced barrier with asphalt keyway crash tested in test 
no. OSSB-1 was considered to have more critical anchorage than a dowel bar anchorage 
system. Therefore, due to the increased weight and the lesser spacing of dowel bars of the 
Type S42, the Type S42 is believed to have equivalent or less critical strength and 
anchorage than the MASH TL-3 crashworthy transition, and therefore is believed to have 
















No. 8 Dowels 
No. 5 Dowels 
No. 8 Dowels 
No. 5 Dowels 
Anchorage Depth 1 in. 21 in. (6 in.) 
2x8 in. (4 in.) 
2x24 in. (5 in.) 
2x8 in. (4 in.) 
2x24 in. (5 in.) 
Anchorage 
Spacing 
Continuous 8 ft 2 ft 2 ft 
Base Width 283/8 in. 18 in. 24 in. 24 in. 
Top Width 12 in. 10 in. 10½  in. 6 in. 
Height 43 in. 37 in.1 42 in. 56 in. 
Longitudinal 
Reinforcement 




2 No. 5 @ 
12 in. 
Unreinforced Unreinforced 
Section Weight 874 plf 522 plf2 730 plf 1015 plf 
Overturning 
Stability per Foot 
1033 ft-lb. 391 ft-lb. 730 ft-lb. 1015 ft-lb. 
Overturning 
Demand 
140 kip-ft 140 kip-ft 200 kip-ft 200 kip-ft 
1Average reported for the transition section 
2Average estimate based on average reported dimensions 
 
Based on this evaluation of height, geometry, anchorage, and strength, the 
Wisconsin Type S32, S36, S42, and S56 barriers are believed to be crashworthy and in 
compliance with MASH 2016 TL-3. Additionally, based on the justifications made in this 
evaluation for vertical reinforcement in the Type S32 and S36, the Type S36 barrier on 
bridge is also believed to be crashworthy and in compliance with MASH TL-4. The other 
variations of the Type S36, S42 and S56 barriers may also be crashworthy and in 
compliance with MASH TL-4, but due to a lack of vertical reinforcement it is difficult to 
adequately qualify the strength and anchorage at the increased test level without further 





Table R-5. Wisconsin Type S32 Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 149 kips 
P ≥ 80 kips 
Yield 
Line 
Interior - kips 
N 
End 176 kips End - kips 
Punching 
Shear 
Interior 337 kips Punching 
Shear 
Interior - kips 
End 259 kips End - kips 
Anchorage 
No. 8 Dowels P* No. 8 Dowels N 
No. 5 Dowels on Bridge P No. 5 Dowels on Bridge N 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table R-6. Wisconsin Type S36 Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 148 kips 
P ≥ 70 kips 
Yield 
Line 
Interior 148 kips 
P 
End 167 kips End 167 kips 
Punching 
Shear 
Interior 331 kips Punching 
Shear 
Interior 331 kips 
End 253 kips End 253 kips 
Anchorage 
No. 8 Dowels P* No. 8 Dowels I 
No. 5 Dowels on Bridge P No. 5 Dowels on Bridge P 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table R-7. Wisconsin Type S42 Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 158 kips End 158 kips 
Punching 
Shear 
Interior 321 kips Punching 
Shear 
Interior 321 kips 
End 256 kips End 256 kips 
Anchorage 
No. 8 Dowels P* No. 8 Dowels I 
No. 5 Dowels on Bridge P* No. 5 Dowels on Bridge I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 




Table R-8. Wisconsin Type S56 Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior - kips 
P* ≥ 80 kips 
Yield 
Line 
Interior - kips 
I 
End 152 kips End 152 kips 
Punching 
Shear 
Interior 333 kips Punching 
Shear 
Interior 333 kips 
End 261 kips End 261 kips 
Anchorage 
No. 8 Dowels P* No. 8 Dowels I 
No. 5 Dowels on Bridge P* No. 5 Dowels on Bridge I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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Figure S-1. Wyoming DOT Single-Slope Shoulder Barrier 
 The Wyoming DOT Single-Slope Shoulder Barrier is a 42-in. tall reinforced 
concrete barrier. The barrier has a 10.8-degree single-slope traffic face. The barrier is 
vertically reinforced with No. 4 stirrups at a critical spacing of 12-in. Longitudinal 
reinforcement is provided to the barrier by five rows of two No. 5 bars spaced vertically at 
7 ½ in. Anchorage can be provided by either two No. 8 dowel bars or by extending the 
vertical reinforcement into a footing. Design details for the both configurations of the 42 
in. barrier are shown in Figure S-1.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 38-in. tall Curb and Gutter and Shoulder barrier has the 
required height to contain the pickup truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11, the MASH evaluation criteria was 
successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 9.1-degree 
slope has been successfully tested to MASH test designation no. 4-10 during test no. 




has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles without 
causing instabilities, excessive vehicle deformations, or excessive vehicle decelerations.   
To analyze the shoulder barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table S-1 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 
 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the shoulder barrier was determined to be 138 kips for 
interior sections and 77 kips for end sections adjacent to discontinuities (expansion gaps 
and joints).  
In addition, the shoulder barrier was analyzed for strength through a punching shear 
analysis conducted in accordance with Section 5 of the AASHTO LRFD Bridge Design 
Specifications [8]. The punching shear analysis included the resistance of the concrete and 
vertical steel reinforcement. The punching shear capacity of the barrier at interior and end 
sections was 228 kips and 182 kips, respectively. Therefore, the shoulder barrier did not 
satisfy MASH TL-4 loading criteria for interior sections and at discontinuities. 
Unfortunately, However, TL-4 finite element crash test simulations have been 
conducted on similar concrete beam foundations with a width and depth of 10 in. and 13 
in., respectively [9]. The simulation showed that a 36 in. single-slope half section barrier 
attached to this foundation at a segment length of 50 ft was adequate for MASH TL-4. 
Although the shoulder barrier is 42 in. tall, the critical width of the shoulder barrier 
foundation was at least 5 in. greater than that of the foundation in the finite element 
simulations. Additionally, the shoulder barriers are constructed with 24-in. deep by 32 in.-
wide end anchorage footings, which would provide increased impact resistance when 
compared to the system that underwent finite element simulations. Therefore, it is believed 
that the dowel bar and monolithic footing configurations would not be crashworthy to 
MASH TL-4 standards. 
 Based on this evaluation of height, geometry, anchorage, and strength, the 
Wyoming 42-in. Shoulder Barrier is believed to not be crashworthy or in compliance with 









Table S-2. Wyoming 42-in. Shoulder Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 138 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 138 kips 
I 
End 77 kips End 77 kips 
Punching 
Shear 
Interior 228 kips Punching 
Shear 
Interior 228 kips 
End 182 kips End 182 kips 
Anchorage 
Separated Dowel Footing P* Separated Dowel Footing I 
Reinforcement P Reinforcement I 
Monolithic Footing  P* Monolithic Footing  I 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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MASH Equivalency of the Wyoming DOT Single-Slope Median Barrier 
 
 
Figure S-2. Wyoming DOT Single Median Barrier 
 The Wyoming DOT Single-Slope Median Barrier is a 42-in. tall reinforced concrete 
barrier. The barrier has a 10.8-degree single-slope traffic face. The barrier is vertically 
reinforced with No. 4 stirrups at a critical spacing of 12-in. Longitudinal reinforcement is 
provided to the barrier by five rows of two No. 5 bars spaced vertically at 7 ½ in. Anchorage 
can be provided by either two No. 8 dowel bars embedded in a spate footing or extending 
the vertical reinforcement into a monolithic footing. Design details for the both 
configurations of the 42 in. barrier are shown in Figure S-2.  
MASH TL-4 standards require a longitudinal barrier to satisfy safety performance 
criteria through three different vehicle impacts [1]. MASH test designation no. 4-10 
consists of a 2,420-lb small car (the 1100C vehicle) impacting the system at a speed an 
angle of 62 mph and 25 degrees, respectively. MASH test designation no. 4-11 consists of 
a 5,000-lb pickup truck (the 2270P vehicle) impacting the system at a speed an angle of 62 
mph and 25 degrees, respectively. MASH test designation no. 4-12 consists of a 22,046-lb 
single unit truck (the 10000S vehicle) impacting the system at a speed of 56 mph and 15 
degrees, respectively. 
 For a rigid concrete barrier to be deemed crashworthy without testing, it must have 
the height to prevent vehicle override, a front-face geometry which safely redirects 
passenger vehicles without causing instabilities and/or rollovers, and the strength to contain 
and redirect vehicles. Previous FE simulations and crash testing has shown that single-
slope concrete barriers with a height of only 36 in. can contain the 10000S test vehicle and 
prevent override [2-3]. Thus, the 42-in. Single-Slope Median Barrier has the required 
height to contain the single unit truck under MASH TL-4 impact conditions.  
The single-slope barrier geometry has been successfully MASH crash tested during 
impacts with the four passenger vehicles. In test no. 405160-13-1, a 32-in. tall, 10.8-degree 
single-slope concrete barrier was successfully crash tested to MASH test designation no. 
4-11 [4]. A 42-in. tall, single-slope concrete barrier was successfully crash tested to MASH 
test designation no. 4-11 within test no. OSSB-1 [5]. Also, a 36-in. tall, 11-degree single-
slope concrete barrier was tested to MASH test designation no. 4-11 in test no. 420020-3 
[6]. In all three of the MASH test designation no. 4-11 crash tests, the MASH evaluation 
criteria was successfully met. Additionally, a 36-in. tall, single-slope barrier with a steeper 
9.1-degree slope has been successfully tested to MASH test designation no. 4-10 during 




barrier has demonstrated the ability to smoothly redirect both 1100C and 2270P vehicles 
without causing instabilities, excessive vehicle deformations, or excessive vehicle 
decelerations.  
To analyze the median barrier for strength and anchorage capacity, a Yield Line 
analysis was conducted similar to the method described by AASHTO LRFD Bridge Design 
Specifications [8]. However, the load requirements within that document have not yet been 
updated to reflect MASH impact loads. Those loads have been determined as part of 
NCHRP Project 22-20(2) and are shown in Table S-3 below. Note, the load into a TL-4 
barrier greater than 36-in. in height is estimated at 80 kips over a longitudinal length of 5 
ft. Thus, 5 ft was utilized as the Lt term in the Yield Line equations. 













TL-3 ≥30 70 24 4 
TL-4 
36 70 25 4 
>36 80 30 5 
 
 Yield Line Analysis of the barrier was determined to be 187 kips for interior 
sections and 89 kips for end sections adjacent to discontinuities (expansion gaps and 
joints).  
In addition, the median barrier was analyzed for strength through a punching shear 
analysis conducted in accordance with guidance provided by Section 5 of AASHTO LRFD 
Bridge Design Specifications [8]. The punching shear capacity of the barrier was at the 
interior and end sections was 237 kips and 194 kips, respectively. Therefore, the Type II 
barrier does not satisfy MASH TL-4 loading criteria for interior and end sections. 
No crash tests have currently been performed on barrier systems with footing to 
MASH TL-4, however a similar 32-in. tall, single-slope barrier has been crash tested to 
MASH TL-3 in test no. 405160-13-1 [9]. The barrier was constructed in 20 ft sections and 
at a total height of 42 in. with the bottom 10 in. acting as the footing. The bottom width of 
the barrier was 24-in. which is the same as the median barrier. Slots on each side of the 
barrier were filled with a reinforcing bar grid and grout to connect each barrier section to 
the next section. The barrier contained and redirected a 2270P test vehicle and successfully 
met all MASH evaluation criteria. Therefore, since the median barrier has similar 
dimensions, but expected to have a greater mass it is believed that it would at least be 
crashworthy to MASH TL-3 standards. 
However, TL-4 finite element crash test simulations have been conducted on 
similar concrete beam foundations with a width and depth of 10 in. and 13 in., respectively 
[]. The simulation showed that a 36 in. single-slope half section barrier attached to this 
foundation at a segment length of 50 ft was adequate for MASH TL-4. Although the median 
barrier is 42 in. tall, the width of the median barrier foundation was at 11-in. greater than 




resistance in addition to increase resistance resulting from a greater mass due to the increase 
in height. Additionally, the median barriers are constructed with 24-in. deep by 32 in.-wide 
end anchorage footings, which would provide increased impact resistance when compared 
to the system that underwent finite element simulations. Therefore, it is believed that both 
the footing configurations of the 42-in. tall median barrier would be crashworthy to MASH 
TL-4 standards. 
Based on this evaluation of height, geometry, anchorage, and strength, the 
Wyoming 42-in. Median Barrier is believed to be crashworthy and in compliance with 





Table S-4. Wyoming 42-in. Median Barrier Evaluation Summary 
Criteria 
TL-3 TL-4 
Requirement Actual Result Requirement Actual Result 














Strength ≥ 70 kips 
Yield 
Line 
Interior 187 kips 
P ≥ 80 kips 
Yield 
Line 
Interior 187 kips 
P 
End 89 kips End 89 kips 
Punching 
Shear 
Interior 237 kips Punching 
Shear 
Interior 237 kips 
End 194 kips End 194 kips 
Anchorage 
Separated Dowel Footing P* Separated Dowel Footing P* 
Reinforcement P Reinforcement P 
Monolithic Footing  P* Monolithic Footing  P* 
P = Pass, F = Fail, I = Inconclusive, N = Not Evaluated 
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